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ABSTRACT
The purposes of this research were to determine the possibility of using
a natural forested swamp for advanced wastewater treatment in coastal
Louisiana, and to evaluate the wastewater impact on the ecosystem. The study
was performed by comparing two portions of a nutrient deficient swamp
separated by a ridge. One portion received secondarily treated municipal
wastewater at a rate of 6.3x10s L/day and the other served as a control.
Concentrations of BOD5, TSS, DO, EC, TDS, pH, N, P, S, Cl, K, Ca, Mg,
Na and trace metals were monitored. Results showed that the wastewater
added nutrients into the swamp. Mean concentrations in the wastewater were
14.6 mg/L for total N and 2.5 mg/L for total P. When wastewater passed
through the swamp, tertiary wastewater treatment was achieved. The swamp
system reduced 100% of N 03-N, 69% of TKN, and 66% of total P in the
wastewater. High N removal efficiency would enable the swamp to work well
even if the N loading rate were doubled. However, P removal efficiency was
dependent on loading rate and temperature. Trace metals were not a problem
because of very low concentrations in this wastewater. The swamp was more
efficient in treating wastewater during warm seasons than cool seasons.
Study showed that denitrification, soil adsorption, duckweed assimilation
and sedimentation-subsidence were the most important processes involved.
Soil adsorption and duckweed assimilation were more significant sinks for
wastewater nutrients in the winter season than in the warm season. After two

years of wastewater application, there were no accumulations of nutrients
measured in the sediment except for P.

Increases mainly occurred in the

surface and near the wastewater inlet. However, the high sedimentation rate
in the treated swamp enabled more nutrients to be stored in the sediment than
the control swamp.

Therefore, the swamp sediment should continue

assimilating P for a long time.
Introduction of wastewater into the natural swamp has additional
benefits of: 1) buffering swamp water quality changes due to litter deposition
from strong storms such as hurricanes; 2) mitigating natural nutrient loss from
the swamp sediment sink; 3) increasing the vertical accretion rate, which could
offset wetland loss.

CHAPTER 1
INTRODUCTION AND STATE OF KNOWLEDGE
1.1. INTRODUCTION
The secondary treatment of municipal wastewater involves the
removal of biodegradable

organics,

residual suspended

solids,

and

microorganisms from the wastewater. The secondarily treated wastewater
still contains high levels of nutrients.

Direct discharging of secondary

effluent into surface waters may cause degradation of water quality or
eutrophication. Tertiary wastewater treatment is required to remove excess
nutrients from wastewater.
Conventional tertiary treatment usually involves the addition of
chemicals to enhance biological denitrification, filtration or separation by use
of membranes (Middleton, 1977).

These treatment steps require high

energy inputs and high costs. Even using present technology, Tridech et al.
(1981) points out that many trace contaminants such as N, specific heavy
metals, and trace organics are difficult to remove consistently to safe levels.
There has been an increasing worldwide need for the development of more
economical and effective methods of trace contaminant removal.
Wetland wastewater treatment is an alternative and innovative
technology that have received much attention over the last twenty years.
High plant production, high decomposer activity, anaerobic soil conditions,
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and large adsorptive areas in the sediment provide wetlands with the ability
to degrade or eliminate contaminants in wastewater (Valiela et al. 1976).
At present, at least 300 wetlands in North America and over 500
wetlands in Great Britain and Europe are used to treat wastewater (Cooper
and Findlater, 1990). The North American Wetland System Database (EPA,
1994), which was developed with support from EPA's Wetland Research
Program,

indicates that about 70% of the systems treat municipal

wastewater.
runoff.

The rest treat industrial, agricultural wastewater, or urban

Of these systems, 24% are natural wetlands, the remainder are

constructed systems or a combination of both (Knight, 1994). The database
also shows the average inflow and outflow data of contaminants for
individual treatment sites.

Significant improvements in water quality are

generally found after wastewater passes through wetlands. Fritz and Helte
(1984) reported that tertiary treatment using cypress wetlands may be a
feasible alternative for approximately 35% of wastewater treatment systems
in Florida.

However, actual contaminant removal efficiencies depend on

inflow concentration, hydraulic loading, retention time, climate and individual
wetland conditions.

Wetland treatment is very site specific, therefore, to

establish a new treatment system, an intensive monitoring scheme is needed
for each individual consideration.
Most studies have focused on the effects of wetlands on water quality.
The ability of the wetlands to significantly improve the water quality of the
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effluent has been the major concern.

For a short-term study, significant

improvement in water quality is generally observed and adverse effects are
seldom found.

In the long term, however, the use of wetlands for

wastewater treatment may be counterproductive (Guntenspergen and
Stearns, 1985). The example of the Bellaire wetland treatment system in
Michigan proves the validity of this concern. The Bellaire wetland treatment
system had to be shutdown after 11 years of discharging wastewater, due
to the reversed ecological impacts on vegetation and microorganisms, even
though high removal efficiencies remained according to the wastewater
treatment standards (Kadlec, 1983).

More studies on the effects of

wastewater on wetland ecosystems are needed in order to understand
wetland processes and reliably predict what would happen to a wetland after
receiving wastewater effluent.
Day et at. (1992) summarizes that the interest in wetlands for tertiary
wastewater treatment in Louisiana has the following potential advantages:
First, natural wetlands are abundant in Louisiana.

They constitute

41% of the United States’s total coastal wetlands (DeLaune and Patrick,
1990). Some forested wetlands are nutrient deficient. Wetland ecosystems,
therefore, could benefit significantly from the addition of non-toxic and
nutrient-rich wastewater. The study conducted in Waldo, Florida shows that
trees grew 2.6 times faster after wastewater application (Fritz and Helle,
1984).

Second, the Louisiana Department of Environmental Quality (DEQ)
(1988) reported that 23% of the state basin management areas had water
quality problems caused by inadequately treated sewage.

In terms of

wastewater treatment, the financial burden is a major concern. Results of
studies in Louisiana and elsewhere indicate that land treatment can achieve
advanced treatment at a cost of about $0.17/1000 gal. treated, compared to
costs for tertiary treatment ranging from $0.42-$1.23/1000 gal. treated (Meo
et al., 1977). The savings are $0.25-$1.06/1000 gal. treated
methods.

over other

Wetland wastewater treatment could be a more economical

alternative than conventional tertiary treatment.
Third, the problem of coastal wetland loss in Louisiana is caused by
insufficient sedimentation and a relative sea level rise of approximately 1 to
2 mm/yr (Day and Templet,

1989).

Baumann (1980) measured a

subsidence rate of 0.6 cm/yr in a swamp forest in Louisiana. Nyman et al.
(1992) evaluated the relationships among vegetation, mineral sediments and
vertical accretion in coastal marshes. They concluded that vertical accretion
was determined by organic matter accumulation rates, thus, low plant growth
limited vertical accretion. Research, which was conducted after more than
30 years of anthropogenic nutrient inputs in the northern Everglades of
Florida, indicates that vertical accretion rates of peat determined by 137Cs
dating were 1.1 cm/yr in the nutrient impacted area, and 0.25 cm/yr in
unimpacted areas (Reddy et al. 1993).

Nutrient-rich wastewater could

stimulate productivity and increase vegetative biomass, which in turn,
promotes vertical accretion through increased organic matter deposition and
the formation of soil through increased root growth. Finally, the long growing
season, abundant rainfall, and the relatively impermeable clays in the
Louisiana coastal region make this area especially conducive to using
wetlands for tertiary treatment of wastewater.
There are, however, only a few intensive studies regarding the
application of secondary municipal effluent to natural wetlands (EPA, 1994).
Consequently, there is a need to pursue research in a number of different
areas before establishing reliable design and criteria.
The major objectives of this dissertation were:
1) To determine the effectiveness of a swamp in providing additional
treatment to the secondary effluent.
2) To assess the chemical and biological processes that take place
in the wetland ecosystems.
3) To determine effects of secondary effluent on wetland sediments
and duckweed.
4) To provide information on assimilative capacities, nutrient cycling
and accretion/subsidence rates of nutrients in the swamp for the wastewater
treatment decision makers.

1.2. STATE OF KNOWLEDGE
Discharge of pretreated wastewater to natural wetlands has been
practiced for more than 50 years in the United State (Hammer and Kadlec,
1983).

The concept of using wetlands as a natural tertiary treatment

mechanism for municipal wastewaters was developed during the 1970s. It
was contributed by a series of intensive studies by a team of environmental
scientists under the direction of H. T. Odum and K. C. Ewel at the Center for
Wetlands, University of Florida (Ewel and Odum, 1984); R. H. Kadlec and
his associate at the University of Michigan (Tilton etal., 1976; Kadlec, 1979);
and Spangler and others at University of Wisconsin (Spangler, 1976).
Conceptually,

the primary purpose for using wetlands for tertiary

treatment of secondary effluent is to remove nutrients, primarily N and P.
It also removes additional amounts of BOD, suspended solids, heavy metals
and coliform bacteria that are residual from the secondary treatment
process. Wetland treatment process is a combination of physico-chemical
processes,

sedimentation,

biological

oxidation,

nutrient incorporation,

adsorption and precipitation, etc. The treatment effectiveness is a function
of retention time and the capacity of the vegetation and sediments to retain
and/or cycle certain constituents (Gearheart, 1992).
1.2.1. Biogeochemical characteristics of wetland soil
Because ponded water prevents oxygen from reaching the soil,
wetland soils have different chemical and biological properties from adjacent

upland soils. The wetland soil characteristics is mainly due to oxidationreduction processes.
1.2.1.1. Sequence of oxidation-reduction
After oxygen is depleted, facultative anaerobic and true anaerobic
organisms have the ability to utilize oxidized soil components such as nitrate,
manganic oxides, ferric oxihydroxides and sulfate as electron acceptors
during microbial respiration. The reduction of these compounds is sequential
as a result of oxygen depletion: oxygen, nitrate, and manganic oxides are
reduced first, followed by the reduction of ferric compounds, and then the
reduction of sulfate and carbon dioxide {Turner and Patrick, 1968; Jakobsen
et al., 1981).
The points of interest of this sequence in wetland treatment systems
are: 1) N 03-N could be used as an electron acceptor during microbial
respiration,

and

(denitrification).

biologically

converted

to the gases

NzO and

N2

This process removes N from the wastewater to the

atmosphere; and 2) in more reduced conditions, sulfate could be reduced to
sulfide.

The formation of relatively insoluble heavy metal sulfides should

reduce heavy metal problems if there were any.
1.2.1.2. Aerobic-anaerobic zones within wetland soil
Pearsall and Mortimer (1939) first noted that due to limited oxygen
penetration, a flooded soil or sediment has two distinct zones: a thin oxidized
surface zone overlying a subsurface reduced zone. The thickness of the

oxidized surface zone is controlled by the supply of oxygen at the soil
surface and the consumption rate of oxygen in the soil (Patrick and
DeLaune, 1972).
The presence of aerobic-anaerobic zones is very important for N
removal by any wetland treatment system.

It both promotes nitrification,

which requires aerobic conditions, and denitrification, which requires
anaerobic conditions.
1.2.1.3. Soil pH
After submergence, the pH of acid soils increases and the pH of sodic
and calcareous soils decrease. The equilibrium pH for waterlogged soils is
usually between pH 6.5 and 7.5 (Patrick et al., 1985). The change of pH in
submerged soils is regulated fundamentally by three systems: 1) Na2C 0 3C 0 2-H20 for sodic soils; 2) CaC 03-C 02-H20 for calcareous soils; and 3)
Fe(OH)3-Fe2t system for ferruginous soils. The first two systems control the
decrease of pH in alkaline soils. The third, an oxidation-reduction system,
regulates the increase of pH and its stabilization at 6.5-7.0, particularly in
acid soils (De Datta, 1981).

The stabilization of pH at neutrality in flooded

soil favors most microbial processes.
1.2.1.4. Oxidation-reduction potential
Redox potential (Eh) measurements are useful in the study of
anaerobic conditions.
reduction.

These measurements indicate the intensity of

With redox potential measurements, one can predict the

occurrence of many soil chemical and biological processes affecting
transformations and availability of major nutrients and trace metals (Gambrell
and Patrick, 1978).

Redox potential values can qualitatively indicate the

sequence of reduction of inorganic electron acceptors as follows: 1)
reduction of nitrate occurs at about 225 mV redox potential (corrected to
pH=7); 2) manganic Mn is reduced to the manganous form when Eh=200
mV; 3) ferric iron is reduced to the ferrous form when Eh=100 mV; 4) sulfate
is reduced to the sulfide form when Eh=-150 mV; and 5) carbon dioxide is
reduced to methane when Eh=-200 mV (Gambrell et al., 1991).
1.2.2. Nitrogen removal and its fate
Numerous studies have shown that most wetlands are capable of
removing a significant amount of N from incoming municipal wastewater
(Kuenzler, 1989). Unlike the case with P, N removal efficiency of wetlands
shows promise (Richardson and Davis, 1987). Kadlec (1983) conducted a
study on Bellaire wetlands in Michigan, which received wastewater for
eleven years. Monitoring results over a period of five years (1977-1981)
indicated that the Bellaire wetlands had no reduction in N removal efficiency.
The mechanisms involving N removal are: 1) plant uptake; 2) immobilization
by microorganisms; 3) adsorption of ammonium N onto organic matter and
the clay cation exchange complex; and 4) mineralization-nitrificationdenitrification processes (Patrick, 1990).
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Plant uptake can remove a large amount of N from the water column
as a short-term storage process, such as duckweed (Lemnaceae sp.)
uptake; or by long-term storage such as incorporation of N into woody tissue
of trees. When plants die, the N will partially become soil organic-N, or
undergo recycling in the water column by microorganisms. However, plant
uptake is not a permanent removal process unless harvested.
Microbial transformations of N in wetlands are the most important
processes of removal (Chen and Patrick, 1981), because these processes
remove N from the wetland systems permanently.
1.2.2.1. Immobilization - Mineralization
Immobilization

is the

process

where

microorganisms

convert

inorganic-N, both ammonium and nitrate, into microbial cells in organic
combination. Mineralization is the process by which microorganisms convert
organic-N into inorganic ammonium-N. These two processes are proceeding
at the same time.
oxidation state.

The net effect usually depends on the C/N ratio and

The C/N ratio reflects the immobilization-mineralization

pattern of N. High C/N ratios favor immobilization, while low C/N ratio favors
mineralization (Patrick, 1982).
From a N removal standpoint for incoming wastewater, immobilization
is a short-term removal mechanism. Immobilized N is still in the system and
it has the potential to undergo mineralization with time releasing N back to
the water column where it may be recycled (Khalid and Patrick, 1981).
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Mineralization is an important preliminary step to enhance N removal,
because it prepares organic-N for the following processes.
1.2.2.2. Nitrification
Nitrification is the microbial oxidation reaction that converts ammonium
to nitrate. Oxygen is required for nitrification, so it only takes place in the
thin aerobic zone in flooded soils and in the water column. The importance
of nitrification for N removal is that it provides more N 0 3-N for denitrification.
However, wetlands, in general, are not effective nitrifiers as a consequence
of low dissolved oxygen levels.
1.2.2.3. Denitrification
Denitrification, the process by which microorganisms reduce nitrate
into N gas, is thought to be a major pathway for "permanent" N removal from
wetlands (Chen and Patrick, 1980).

Patrick (1982) concluded that the

presence of an anaerobic zone created a much higher demand for N 0 3-N
as an electron acceptor than as a nutrient source of N.

Therefore,

denitrification potential is high in flooded soils. Wetland removal of N would
be very effective for highly nitrified effluents.
The rate of denitrification, however, is dependent on Oz concentration,
temperature, pH and the availabilities of N 0 3-N and C sources (Firestone,
1982).

In the wetland wastewater treatment systems, the availability of

organic C sources become of more concerned than the availability of N 0 3-N.
Several researchers (Duff et al., 1984; Slater and Capone, 1987; Gearheart,
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1992; Boar et al., 1993) have found that available organic C is inadequate
to support sufficient denitrification to remove N in some wetlands.

The

evaluation of organic C availability is useful to predict the long-term capacity
of N removal in wetlands.
Many different methods have been used separately or together to
evaluate either qualitatively or quantitatively the process of denitrification.
They are: 1) indirect analyses such as available C, bacterial numbers, and
Eh; 2) disappearance of nitrate; 3) 15N tracers; 4) 13N tracers; and 5)
evolution of N20 and Nz as affected by acetylene inhibition methods (Payne,
1981).
The coexistence of aerobic and anaerobic zones in flooded soils is
critical to the overall removal of wastewater N. The sequential processes
involved are mineralization, ammonium diffusion from the anaerobic zone to
the surface aerobic zone, nitrification, nitrate diffusion from the aerobic zone
to the anaerobic zone, and denitrification (Reddy et al., 1980).
1.2.3. Phosphorus removal and its fate
Many studies have shown that wetlands can remove P from treated
municipal wastewater to achieve tertiary treatment requirements (Boyt et al.,
1977; Dierberg and Brezonik 1984; Chale, 1985). However, low P removal
efficiencies are also reported (Helle, 1983; Kadlec and Bevis, 1990;
Gearheart, 1992).

Phosphorus is not converted to a gas form like N.

Removal occurs through processes including: 1) adsorption-precipitation by
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wetland soils; 2) plant uptake; 3) immobilization by microorganisms; and 4)
sedimentation.
1.2.3.1. Physical-chemical processes
Faulkner and Richardson (1989) reviewed the effects of physical and
chemical properties on P retention. It is well documented that P adsorptionprecipitation is affected by soil pH, Eh and amounts and types of Fe, Al and
Ca compounds (Patrick, 1990).

Since adsorption sites are limited, as

wastewater treatment continues, adsorption will reach an equilibrium with
soluble P in the water column. Phosphorus removal rate will become slow
until the soil becomes P saturated. Therefore, adsorption-precipitation by
soils is not a permanent sink for wastewater P.
The methods of adsorption-desorption isotherms are usually used in
the laboratory to predict retention or movement of P (Sawhney and Hill,
1975; Sommers et al. 1979; and Gale et al., 1994). However, the results of
long-term application of P from wastewater show that soil can fix many times
more P than estimated by short-term laboratory adsorption studies (Nichols,
1983). Pardue et al. (1994) used aerobic and anaerobic soil suspensions
to estimate soil capacity for P. They found that for a given level of adsorbed
P, soluble P in the anaerobic soil was several times higher than soluble P
in the aerobic soil, indicating less adsorption in anaerobic condition than the
aerobic condition.
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1.2.3.2. Biological assimilation
Microbes, algae and plants (especially floating plants) can also
assimilate a large amount of P directly from the water column.

After

microbes and aquatic plants die, however, the detritus will become part of
the organic layer in the wetland floor. Through microbial processes, some
of the P will be released into the surface water, and some will slowly become
available to woody plants (Fritz and Helle, 1979). Studies have shown that
each year plants die and release 35% to 75% of P back to the water column
and litter compartment through decomposition (Davis and Van der Valk,
1978; Richardson and Nichols, 1985; Richardson and Marshall, 1986).
Therefore, P removal by microbes or aquatic plants is thought to be a short
term removal mechanism; whereas removal by woody plants, which can
keep P longer, is thought to be a relatively permanent removal mechanisms
(Hammer and Kadlec, 1983). If harvesting of the plants is possible, P will
be permanently removed from the wetland system.
1.2.3.3. Sedimentation
Phosphorus, which is stored in mineral sediments or organic matter
by short-term processes, can be removed by sedimentation processes. The
efficiency of the wetland to store P on a long-term basis is determined by the
wetland soil vertical accretion rate (Richardson and Craff, 1993). Based on
the recent accretion rates measured by the 137Cs method and the nutrient
analyses of the sediment profile, a permanent storage rate of P can be
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calculated. Richardson and Craft (1993) reported that 0.63 g P/m2/year were
removed

from

the

system

via

sedimentation

at Everglades

water

conservation area in south Florida; while in a Gulf Coast freshwater lake,
DeLaune et al. (1990) reported 1.2 g/m2/year. To maintain a long-term P
removal efficiency, the input rate of wastewater P should be based on the
soil accretion rate.
1.2.3.4. Sedimentation-subsidence in Louisiana
Unlike N removal, P could potentially limit the life of wetland treatment
system. However, Kemp and Day (1981) proposed a hypothesis that due
to sedimentation-subsidence, Louisiana swamps could continue to be a sink
for wastewater P.
Louisiana swamp forests as part of the Mississippi River deltaic plain,
are situated on a section of the Gulf Coast geosyncline, which is undergoing
rapid local and regional subsidence from the loading and compaction of
alluvial sediments (Hatton et al., 1983). Kemp and Day (1981) believe that
sediments laid down in the swamp will become buried. If this P is not taken
up by rooted vegetation, it will be permanently lost to the deep sediments.
1.2.4. Duckweed functions in wetland treatment
Vascular aquatic plants are receiving more attention for their high
nutrient removal capacity in the wetland treatment system.

The most

commonly researched aquatic plants are water hyacinths (Eichhornia
crassipes) and duckweed (Lemnaceae ) (Reddy and Tucker, 1983; Zirschky
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and Reed, 1988). The differences between aquatic plants and other woody
plants like trees are: 1) aquatic plants obtain nutrients directly from the water
column: 2) their production and response to nutrients are faster than rooted
plants; and 3) nutrients in dead aquatic plants are quickly released to the
water column compared with other woody plants. Studies show that aquatic
plants can accumulate more nutrients than they need for growth (Patrick,
1976). This luxury consumption increases the probability that aquatic plants
may play an important role in nutrient removal from wastewater.
In many case studies of wetland treatment systems, it has been noted
that immediately after wastewater is introduced, duckweed appears in the
wetland system (Deghi et al., 1980; Fritz and Helle, 1984; Johengen and
LaRock, 1993). The volunteer duckweed can take up nearly one-half of the
applied N, two thirds of the applied P, and nearly all of the heavy metals
(Price, 1975).
A thick layer of duckweed on the water surface decreases the
diffusion of Oz into the water. Thus, very low 0 2 concentrations remain in
the water column, which enhances anaerobic conditions (Deghi etal., 1980).
Under anaerobic conditions, a large quantity of N would be removed by the
denitrification process (Boyd, 1969; Cornwell et al., 1977).
Johengen and LaRock (1993) found that duckweed does not have a
strong preference for which N species, ammonium or nitrate, it assimilates.
It removes both N species with similar effectiveness;

whereas the
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phototrophic organisms within the water column prefer ammonium. It should
be noted that to retain a high level of nutrient removal by duckweed, the N/P
ratio of wastewater should be in the range of the N/P ratio of duckweed
(Boyd, 1975).

If one nutrient becomes limited, the other one would be

increased in the effluent due to reduced plant absorption.
Another noted function is that duckweed has the ability to accumulate
large amounts of heavy metals (Culley and Epp, 1973). It is interesting that
this accumulation, up to a given amount, does not seem to interfere with its
normal biological function (Patrick, 1976).
Duckweed functions as a media to transfer nutrients from inorganic
forms in the-water column into organic forms on or in the sediment after the
duckweed dies. These organic nutrients will be partly available to rooted
plants or released back into the water column by the mineralization
processes.
1.2.5. Methods used to study treatment efficiency and processes
To quantify nutrient removal efficiency, a mass balance approach is
generally used. The wetland ecosystems are treated as a "black box”, only
input and output are assessed. Nutrient budgets are generally calculated
with nutrient loading rate, not nutrient concentration.

Concentration alone

can not give a complete view of nutrient dynamics in systems such as a
swamp, which experiences wide ranges in water volume. Nutrient loading
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rate is an integration of the concentration and flow rate (Kemp and Day,
1981).
Although input-output budgets give no information about specific
mechanisms of nutrient cycling, they provide an overview of the system’s
function and suggest relevant hypotheses about biogeochemical cycling
(Rykiel, 1984). The balance of nutrients entering and leaving an ecosystem
is an index to the system state (Vitousek and Reiners, 1975). A small gain
or loss indicates that the system is near steady state; a net loss indicates
that a wetland ecosystem is retaining nutrients within the system; a net gain
indicates that the system is releasing stored nutrients.
The "black box" approach has been criticized by Heliotis and De Witt
(1983), Howard-Williams (1985) and Middlebrooks (1987), because it cannot
identify which components and processes are important in determining the
efficiency of the treatment. Dierberg and Brezonik (1984), and Breen (1990)
partitioned wetlands into a number of components and measured mass
changes in these components.

They pointed out the relative size and

importance of various components and suggested which removal processes
were operating and quantified their removal rates.

CHAPTER 2
A WATER CHEMISTRY ASSESSMENT OF WASTEWATER
REMEDIATION IN A NATURAL SWAMP
2.1. INTRODUCTION
Many studies have been conducted to determine the efficiency of
using natural swamps as tertiary treatment of secondarily treated municipal
wastewater. The application of secondary treatment plant wastewaster to
wetlands can eliminate problems of direct discharge into surface waters.
The studies have shown that swamp forests chemically, physically and
biologically remove high amounts of pollutants and nutrients from input
effluent. Estimates of N and P retention are reported as 12-110 g N/m2yr via
denitrification; 11 g N/m2yr and 0.6-2.2 g P/m2yr via storage in woody tissue
and 75 g N/m2yr and 8.3 g P/m2yr through burial in sediments (Day et al.,
1992). There are some cypress systems in Florida that continue to remove
large quantities of sewage nutrients even after 20-40 years (Boyt et al.,
1977. Ewel and Bayley, 1978). However, poor removal efficiencies were
also reported, especially for P (Helle, 1983). The efficiency of removal is
determined by loading rate, retention time, and interaction of soil, water,
vegetation and microorganisms.

Natural wetlands are legally limited to

providing only tertiary treatment of secondary waste, and only after approval
on a case by case basis (Breaux and Day, 1994). More case studies should
be undertaken to assess the overall feasibility of natural wetlands to function
as a tertiary treatment process.
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The city of Thibodaux, LA operates a secondary wastewater treatment
plant that has the capacity of treating 15.1x106 L (4 million gallons) per day
average daily flow and 22.7x106 L {6 million gallons) per day peak flow. The
treatment system includes an aerated lagoon and a high rate trickling filter.
The present system has an average effluent of 13 mg/L five-day biological
oxygen demand (BODs) and 30 mg/L total suspended solids (Day et al.,
1994).

Fecal coliforms are being controlled with an ultraviolet radiation

system. The degree of treatment can be affected by aeration in the lagoon.
Until March 1992, the plant discharged effluent directly into the TerrebonneLafourch Drainage Canal. The canal was water quality limited. Advanced
wastewater treatment had to be used in order to meet the effluent discharge
criteria.

As part of the treatment process, the city has been discharging

effluent to the Pointe-au-Chene swamp since March 1992. The objective of
this study was to determine the efficiency of the swamp in improving water
quality and the impact on the swamp water quality. A two-year intensive
water quality monitoring study was conducted.

Particularly, data were

collected to show how water quality varied with time, with distances away
from the effluent input and by the comparison with a "control" section of the
swamp not influenced by the effluent.
This swamp is a typical coastal wetland by its confinement and its
classification as a cypress-tupelo swamp. Therefore, analysis of the data
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obtained from this swamp can be applied with a degree of confidence to
similar ecosystems (Day and Farber, 1990).
2.2. MATERIALS AND METHODS
2.2.1. Site Description
The study area has been described by Day et al. (1994) as follows:
The Pointe-au-Chene Swamp lies on the backslope of the abandoned
Bayou Lafourche distributary approximately 10 Km southwest of Thibodaux,
LA (Fig. 2.1). The study site consists of two almost continuously flooded
forested wetlands within a 1425 ha hydrologically restricted basin separated
by a bottomland hardwood ridge. The only significant input of water to the
swamp is via precipitation.

The ridge site, running from northeast to

southwest (mean elevation - 1.16 m above MSL) is approximately 300 m
wide and is vegetated primarily with oaks ( Quercus nigra and O. nuttallii),
sweetgum (Liquidambar styraciflua), American elm ( Ulmus americana),
palmetto ( Sabal minor) and boxelder (Acer negundo). The forested wetlands
on either side of the ridge (mean elevation = 0.76 m above MSL) are
dominated by ash (Fraxinus pennsylvanica), black willow ( Saiix nigra),
baldcypress (Taxodium distichum ), water tupelo (Nyssa aquatica), red maple
(Acer rubrum) and palmetto (Sabal minor).

Soil series are Fausse clay (very-fine, montmorillonitic, nonacid,
thermic Typic Fluvaquents) for the flooded sites and Sharkey clay (very-fine,
montmorillonitic, nonacid, thermic Vertic Haplaquepts) for the ridge (USDA,
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Figure 2.1. Map of Thibodaux, LA, showing the location of the treated and
the control sites within Pointe-au-Chene Swamp. BLH are bottomland
hardwood ridges (Day et al., 1994).
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Soil Conservation Service, 1984). The soils contain 60-80% clay in the B
horizon that effectively restricts groundwater flow (Conner and Day, 1989).
Both soils were formed in Mississippi River alluvial material and have similar
characteristics since their physical and mineralogical characteristics are
similar.
The subtropical climatic conditions in the region are determined
largely by the location (latitude 29°) and close proximity to the Gulf of
Mexico. The mean annual air temperature is 20.6 °C, ranging from 13.0 °C
in January to 27.5 °C in July. Mean annual precipitation is 167 cm/year, but
has ranged from 79 cm in 1962 to 222 cm in 1940.
Since March 1992, the 231 ha forested wetland site on the west side
of the ridge has been receiving secondarily treated municipal wastewater.
The sewage treatment plant lies approximately 2520 m from this swamp.
Wastewater is discharged from 40 pipes located on a 610 m spoil bank that
serves as the northern boundary of the site (Fig. 2.1). The effluent flows
across a concrete cascade, through an open area (Pond) to the forested
swamp. It then flows southward, between the ridge on the east and an oil
access road on the west. The treated effluent exits at a point where these
two features nearly meet. Water exits the confined wetland into a larger
swamp before it finally empties into the Terrebonne-Lafourche Drainage
Canal. The combination of ridge, spoil bank and access road, hydrologically
isolates the treatment swamp from the rest of the 1425 ha basin.

The
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swamp on the eastern side of the ridge is referred to as the control site and
is not influenced by the effluent.
2.2.2. Experimental Design and Field Methods
A series of permanent study plots were established in March 1992
within the treated and the control sites for water samplings (Table 2.1).
From March 1992 through March 1994, triplicate water samples were
collected on a monthly basis at the Inlet, Pond, T25, T50, T100, C25, C50
and C100. Triplicate water samples were also collected at the T1600 station
bimonthly, except when it was inaccessible. The T1600 station was referred
to as the output station in this study. Nine transects, with permanent water
sampling stations marked every 200 m from the inlet to the 1600 m station,
were established in the treated site. Duplicate water samples were collected
along these transects in December 1992, January, June and October 1994.
2.2.3. Water Quality Analyses
The water quality parameters measured in the Pointe-au-Chene
Swamp are described:
2.2.3.1. Dissolved oxygen and water temperature
Dissolved oxygen (DO) and water temperature were measured in the
field using an ORION Model 820 DO meter (ORION, Boston, MA).
2.2.3.2. pH
Measurements of pH were made in the field using a Corning
Checkmate M90 portable, microprocessor based pH meter (Corning, NY).
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Table 2.1. Layout of water sampling stations and sampling schedules.
Station
Treatment
Inlet
Pond
T25
T50
T100
T200
T400
T600
T800
T1000
T1200
T1400
T1600
Control
C25
C50
C100

Station Description

Schedule

wastewater effluent from pipes
open area near the wastewater pipes
25 m into the forest
50 m into the forest
100 m into the forest
200 m into the forest
400 m into the forest
600 m into the forest
800 m into the forest
1000 m into the forest
1200 m into the forest
1400 m into the forest
1600 m into the forest

monthly
monthly
monthly
monthly
monthly
4 times
4 times
4 times
4 times
4 times
4 times
4 times
bimonthly

25 m into the forest
50 m into the forest
100 m into the forest

monthly
monthly
monthly

f Distance was measured from the forest edge beyond the pond.
2.2.3.3. Electrical conductivity and total dissolved solids
Electrical conductivity (EC) and total dissolved solids (TDS) were
measured

in the field using a Corning

Checkmate

M90 portable,

microprocessor based conductivity meter (Corning, NY).
2.2.3.4. Five-day biological oxygen demand
Samples were collected by completely filling 500 mL acid-washed
polyethylene bottles. These were stored on ice and taken to the laboratory
for analyses. Five-day biological oxygen demand (BODs) subsamples were
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taken for analysis and the rest of the sample was used to analyze for anions
and total suspended solids (TSS).
Initial DO was measured within 24 hours after sampling.

Final DO

was measured after 5 days of incubation at 20 °C (Clesceri et al., 1989).
2.2.3.5. Total suspended solids
Samples (50 to 200 mL) were filtered through pre-dried and pre
weighed glass microfibre filters. Filters were dried at 105 °C for 24 h and
weighed to calculate the amount of TSS in the water (Clesceri et al., 1989).
2.2.3.6. Anions
Samples

were

filtered

using

0.45

um

millipore

filter

paper.

Concentrations of N 03', N 02‘, S 042', P 043' and Cl' were determined by ion
chromatography (IC) with a Dionex IC (Model 201 Oi) (Sunnyvale, CA).
2.2.3.7. Elements
For analyses of K, Ca, Na, Mg, Fe, Mn, Ni, Al, Cd, Cu, As, B, Pb, Zn,
P, S, Cr and Co, water samples were collected in 50 mL acid-washed
polyethylene bottles, acidified on site with concentrated HNOa to pH 2 for
sample preservation, and stored on ice or in a refrigerator until laboratory
analysis.
These samples were filtered using a 0.45 um millipore filter before
measurement employing an inductively coupled plasma quantometer (ICP),
Applied Research Laboratories, Model 34,000 (Beverly, MA).
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2.2.4. Data Analysis
For all water quality parameters, a repeated measures analysis was
performed using a General Linear Models Procedure with factors as location
and time (SAS, 1988).

The null hypothesis was that there were no

differences at each sampling location and at each time of the sampling.
Tests of hypotheses were performed with a level of significance p=0.05.
Duncan’s multiple range tests were conducted for the main effects. The
least squares means test were performed for pairwise comparison when twoway interactions were found significantly.
2.3. RESULTS AND DISCUSSIONS
2.3.1. Water Temperature and Hydrology
Water temperature followed typical seasonal patterns over time (Fig.
2.2a). The difference between the treated and the control sites at the same
sampling date was probably caused by the different times of the sampling
during a day. The mean water temperature during the study period was 22.1
°C, ranging from about 12.5 °C in December 1993 to 30.3 °C in July 1992.
The mean monthly precipitation was 15.0 cm, ranging from 2.8 cm in
October 1992 to 32 cm in November 1992 (Fig. 2.2b).
Figure 2.3 shows mean monthly water levels in the study area from
June 1992 to January 1994.

Standing water was present at all times

throughout the study period. Water levels in the control and treated sites
exhibited similar patterns and changed in response to monthly precipitation
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Figure 2.2. a. Mean water temperatures measured in the treated and the
control sites, b. Mean monthly rainfall data in Thibodaux area (National
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and evapotranspiration (Day et al., 1993). Water level in the control site
averaged ( ± standard error) 31.7 ± 12.3 cm above the forest floor. In the
treated site, water levels averaged ( ± SE) 32.7 ± 8.9 cm.
Wastewater flow rate from the treatment plant was measured
continuously by the personnel of the treatment plant, City of Thibodaux, LA.
The average monthly flow rates from March 1992 to March 1994, obtained
from their Discharge Monitoring Report (DMR), are shown in Figure 2.4.
Mean flow rate averaged (± SE) 6.3 x 106 ± 1.41 x 10® L/day (1.665 ± 0.373
MGD).
Flow was very slow in the swamp, and could not be visually observed.
The wastewater was moving by diffusion.

It was not feasible to measure

flow rate using dye, because the surface was covered with duckweed.
However, the theoretical hydraulic detention time can be roughly calculated
as follow (Tchobanoglous and Schroeder, 1987):
HDT = V/Q

(2.1)

Where: HDT = hydraulic detention time
V - volume of the swamp water
Q = flow rate
The estimation of hydraulic detention time was calculated with mean
volume (V = mean water level x area of the treated site) and the mean
wastewater flow rate. The calculated hydraulic detention time was about 120
days. A long detention time would allow the swamp system to have enough

Figure 2.4. Mean monthly wastewater flow rate through the treatment plant
from March 1992 to March 1994. (Data were from Discharge Monitoring
Report, City of Thibodaux, LA).
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time to react with wastewater, in order to achieve better tertiary treatment
before the water exits the swamp.
2.3.2. Water Quality Characteristics of the Secondary Wastewater
Secondary effluent contained organic material, N, P, dissolved salts
and trace elements. Average concentrations of water quality parameters
monitored monthly from the effluent pipe from March 1992 to March 1994
are shown in Table 2.2. The effluent was highly nitrified, with N 03-N being
the dominant form of N. The BODs loading was very low (0.41 kg/ha/day)
compared with published BOD loadings, as high as 166 kg/ha/day (Knight,
1987). Soluble P 04-P accounted for about 77% of the total P, and S 0 4-S
accounted for about 82% of the total S. The difference between total and
dissolved forms is an estimation of organically bond forms for P and S.
Therefore, P and S in this wastewater were mainly in inorganic forms.
Concentrations

of Fe, Mn and At were variable and in low

concentrations. The concentrations of most trace elements (Cu, Cr, Zn, Pb,
Co, Ni, As and Cd) were generally less than the detection limits or in very
low concentrations. The detection limits were 0.0035 mg/L for Cu, 0.0078
mg/L for Cr, 0.0046 mg/L for Zn; 0.0866 mg/L for Pb, 0.0165 mg/L for Co,
0.025 mg/L for Ni, 0.0647 mg/L for As, and 0.0054 mg/L for Cd.
Concentration of Cu was above detection limit (>0.0035mg/L), however, it
was less than the limit of quantitation (LOQ) (LOQ=5 x DL = 5 x 0.0035 0.0175 mg/L) (Jarvis, 1992). It is not surprising to find detectable Zn and Cu
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Table 2.2. Mean and standard deviation of the concentrations of measured
parameters in the secondarily treated municipal wastewater before entering
the swamp from March 1992 to March 1994.
Parameter

Mean ± SD

pH
EC(dS/cm)

7.00 ± 0.42
677 ± 69
(mg/L)
14.9 ± 7.9
2.7 ± 1.3
344 ± 35
54.6 ±11.9
57.4 ± 7.3
8.02 ± 1.76
17.1 ± 2.3
0.13 ± 0.04
56.6 ±11.5
8.7 ± 2.0
1.0 ± 0.2
2.9 ± 1.5
1.9 ±0.5
2.46 ± 0.70
9.6 ± 3.2
11.8 ± 2.9
19.2 ± 17.7
0.12 ± 0.14
0.49 ± 0.48
0.29 ± 0.22
0.046 ± 0.025
0.006
<DL*

bod5

DO
TDS
Na
Ca
K
Mg
B
Cl
NOa-N
NOz-N
TKNf
P 0 4-P
Total P

so4-s

Total S
TSS
Al
Fe
Mn
Zn
Cu
Cr,Pb,Co,Ni,As,Cd

f TKN data were from I.D. Hesse, Coastal Ecology Institute, LSU, Baton
Rouge, LA 70803.
*: DL is detection limit.
in the municipal wastewater, because these two elements can be easily
found in the water pipes, foods, vitamins and drugs.

Due to the low

concentrations of trace elements (near detection limits), it was impossible to
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make any conclusions regarding their fates in the swamp water during the
study period.
Khalid et al. (1981) described the calculated relationship between the
BOD5 and total organic carbon (TOC) of a domestic waste as follow:
BOD/TOC = 0 2/C = 32/12(0.90)(0.77) = 1.85

(2.2)

Where: 1) The ultimate BOD exerts approximately 90% of the
theoretical oxygen demand.
2) The five-day BOD (BODs) is 77% of the ultimate BOD for
domestic waste.
The estimation of TOC was calculated based on this relationship.
Mean concentration of TOC was 27.49 mg/L. The calculated ratios: C/N
(2.2); C/P (11.2) and N/P (5.1). Generally, if the C/N ratio is below 25:1, and
the C/P ratio is below 200:1, mineralization takes place (Patrick, 1990). Low
N/P ratios (compared with Redfield ratio of 7.7) (Redfield et al., 1963)
suggest that N is the more limiting nutrient for biological requirements in this
wastewater.

This effluent was chemically similar to those of secondarily

treated municipal wastewater.
Over the two-year period from March 1992 to March 1994, the
wastewater brought nearly 57.9 Mg of N, 11.3 Mg of P, 54.2 Mg of S, 36.9
Mg of K, 263.8 Mg of Ca, 78.8 Mg of Mg, 68.5 Mg of BOD5, and 251.1 Mg
of Na to the treated swamp.
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2.3.3. Water Quality Characteristics of the Swamp not Influenced by the
Effluent
Table 2.3 shows the mean concentrations of water quality parameters,
averaged from monthly monitorings at the three sampling sites (25, 50 and
100 m) in the control area from March 1992 through March 1994. These
data indicate the natural swamp water quality when it was not influenced by
the effluent. This swamp was nutrient deficient, both N and P were very low.
The average N/P ratio was calculated as 2.3, which is lower than that found
in the effluent pipe (N/P = 5.1). Soluble P 0 4-P accounted for about 35% of
the total P and soluble S 0 4-S accounted for about 43% of the total S.
Phosphorus and S, therefore, were mainly in organically bond forms in the
control swamp water. Comparisons of water quality parameters between the
effluent and the swamp water indicate that discharging effluent into this
swamp would increase its nutrient status. Due to higher concentrations of
the effluent compared to the control swamp water, the following water quality
parameters should be closely monitored after the wastewater was introduced
into the swamp: N, P, S, BODs, DO, Ca, Mg, K, Na, Cl, B, Zn and Cu.
2.3.4. Swamp Effectiveness in Water Quality Improvement
2.3.4.1. Removal efficiencies
It is important to note that the 1600 m station was the boundary for our
study site. Actually, the wastewater continues through an additional swamp
land before it finally empties into the Terrebonne-Lafourche Drainage Canal.
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Table 2.3. Mean and standard deviation of concentrations of water quality
parameters in the control swamp water from March 1992 to March 1994.
Parameter

Mean ± SD

pH
EC(dS/cm)

7.60 ± 0.52
113 ± 21
(mg/L)
6.6 ± 7.6
3.3 ± 1.9
56 ± 11
5.48 ± 1.80
9.78 ± 2.83
3.90 ± 1.51
3.54 ± 0.92
<0.0137
9.48 ± 5.37
<0.1
<0.3
0.8 ± 0.3
0.1 ± 0.1
0.34 ± 0.28
0.3 ± 0.4
0.78 ± 0.47
97.2 ± 100.0
0.14 + 0.14
1.21 ± 0.67
0.22 ± 0.14
0.013
<DL*

bod5

DO
TDS
Na
Ca
K
Mg
B
Cl
N 03-N
n o 2- n
TKN*
p o 4-p
Total P

so4-s

Total S
TSS
Al
Fe
Mn
Zn
Cu.Cr.Pb.Co.Ni.As.Cd

f TKN data were from I.D. Hesse, Coastal Ecology Institute, LSU, Baton
Rouge, LA 70802.
* DL is detection limit.
I am assuming that better water quality will be achieved before the water
enters the canal.
After wastewater was discharged into the swamp, the concentrations
of many water quality parameters at the output station were significantly

reduced compared with the influent concentrations. The mean reductions
in concentration over the whole study period are shown in Table 2.4.
Table 2.4. Mean contaminant reduction by the wetland system (n=13).
Parameter

Input

BODs
N 03-N
TKN*
p o 4- p
Total P

14.9 ± 7.9
8.7 ± 2.0
2.9 ± 1.5
1.90 ± 0.51
2.46 ± 0.70
9.56 ± 3.18
11.8 ± 2.9
8.02 ± 1.76
54.6 ±11.9
57.4 ± 7.3
17.2 ± 2.3
56.6 ±11.5
0.13 ± 0.05
0.006 ± 0.007
0.046 + 0.025
344 ± 35
19.2 ± 17.7

so4-s

Total S
K
Na
Ca
Mg
Cl
B
Cu
Zn
TDS
TSS

Output
Mean ± SD (mg/L)
7.61 ± 5.52
<0.1
0.9 ± 0.5
0.60 ± 0.50
0.85 ± 0.66
3.87 ± 2.41
5.29 ± 3.29
5.66 ± 2.43
36.2 ± 18.7
38.2 ± 16.0
12.0 ± 4.8
37.7 ± 18.0
0.03 ± 0.03
<0.0035
0.006
215 ± 84
91.2 ± 125.6

Reduction
(%)
49
100
69
68
66
60
55
29
34
33
30
33
81
100
87
38

f TKN data were from I.D. Hesse, Coastal Ecology Institute, LSU, Baton
Rouge, LA 70803.
The average concentrations of NOa-N and total P in the inlet water
were 8.7 mg/L and 2.46 mg/L, respectively. At the output station, 1600 m
away from the wastewater inlet, the average concentration was less than
detection limit for N 03-N, and 0.85 mg/L for total P. Between the inlet and
the T1600 station, approximately 100% reduction in N 03-N, 69% reduction
in TKN and 66% reduction in total P were achieved, which indicates that the
swamp acted as a net nutrient sink. High removal rates of N and P indicate
that the swamp achieved a certain level of additional treatment.

No
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information about the advanced waste treatment (AWT) standards was
available from the Department of Environmental Quality, LA. In Florida, the
AWT standards for total N and total P in the tertiary effluent is 3 mg/L and
1 mg/L, respectively. The mean effluent data of total N and P at the output
station (Table 2.4) were all less than the Florida AWT standards, indicating
tertiary treatment was achieved during the study period.
Soluble ions such as K, Ca, Na, Mg and Cl had similar reduction
rates, however, this is mainly due to dilution with water in the swamp.
Chloride is a conservative constitute, it is neither adsorbed by soil clay nor
a required element by plants. If the reduction rate of the concerned ion is
higher than the reduction rate of Cl, it indicates that the processes involved
are more than only dilution.

Similar reduction rates of these elements

indicate that the in situ supplies of K, Ca, Na and Mg in the swamp were
adequate for plant growth. They were not growth limiting factors. Additional
quantities from the wastewater were not used as nutrients.
The TSS of the wastewater increased at the T1600 station, from an
average of 19.2 mg/L at the inlet to 91.2 mg/L at the T1600 station. The
average TSS at the T1600 station was within the same range as that found
in the control (Table 2.3), thus, no change in that parameter of water quality.
At the output station, the N 03-N concentration was below the detection
limit (<0.1 mg/L) most of the time (Fig. 2.5), indicating that the swamp
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Figure 2.5. Concentrations of N03-N and total P, measured at the inlet, output and control stations.

CO

CO

system can remove NOa-N completely. The N 0 3-N was taken up by growing
plants, immobilized to organic N, or removed by denitrification. However, the
concentration

of total P varied during the study period (Fig. 2.5).

Phosphorus was removed by plant uptake, microbial assimilation, and soil
adsorption. The amount of P present at the output station depended on the
amount of P in the inlet and retention time. It was noted that the detention
time was approximately 120 days. Thus, a time lag between influent and
effluent peaks was expected. In May 1992, April and June 1993, three high
P peaks were recorded for the influent (total P>3.0 mg/L).

A high P

concentration was measured at the output station in the following sampling
date (two months latter) except for June 1993. This indicates that it took
about two months for the wastewater moving from the inlet to the 1600 m
distance. This also proves that the calculated hydraulic detention time (four
months) from the inlet to the outflow, as discussed early, was reasonable.
In June 1993, however, P concentration at 1600 m did not correspond to the
high P concentration measured from the inlet in April 1993.

This was

because of the high rainfall in June 1993 (Fig. 2.2b). West and Feagley
(1995) reported that P concentration in Louisiana’s precipitation was
generally below detection limit (P<0.2 mg/L). Thus, P in the swamp water
could be diluted by the rain.

It was also noted that the amount of P

measured at 1600 m actually increased with time when compared with the
springs of 1992, 1993 and 1994. This indicates a microbial regeneration of
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P and/or a progressive saturation of adsorption sites (Chapter 3). Although
the swamp system was P deficient, P could not be assimilated by plants or
microbes efficiently due to a very low N/P ratio caused by high N reduction
rate (100%). The system was thus a N limited system.
2.3.4.2. Water quality comparisons between the output and the control
Table 2.5 shows the comparisons of water quality parameters at the
output station with those in the control site. The concentrations of BODs,
NOa-N, TKN, C u and Zn in the output station were similar to those found in
the control swamp water.
There was some reduction of the soluble ions (Na, Ca, Mg, Cl and
S 04-S) by the swamp system, but it did not reduce them to the control levels
for most of the sampling dates.

However, no significant increases were

observed with time at the output station, indicating no signs of reaching
equilibrium with water.

The TDS values (Fig. 2.6) indicate that the

concentrations at the output station were much higher than the control
except during April, June and November 1993. The TDS being high at the
output station was not surprising since the removal of water soluble ions by
plants was limited due to N being limited. The reason that TDS was so low
in April, June and November 1993 is probably because of the high rainfall
prior to the samplings. Average concentrations of Na, Ca, Mg, Cl and S 0 4-S
in the rainfall were 3.63 mg/L for Na, 1.59 mg/L for Ca, <0.02 mg/L for Mg,
7.29 for Cl, and 5.40 mg/L for S 0 4-S in Louisiana (West and Feagley, 1995).
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Table 2.5. Comparisons of water quality parameters between the output
station in the treated site and the control site.
Parameter

bod5

N 0 3-N

TKN+
(mg/L)

Total P

p o 4- p

Output
Control

7.6at
6.6a

<0.1
<0.1

0.90a
0.78a

0.92“
0.35b

0.64a
0.10b

Parameter

Total S

s o 4-s

Cl
(mg/L)

Na

Ca

Output
Control

5.99a
0.80b

3.88a
0.36b

37.25a
9.56b

35.79a
5.64b

38.35a
10.01b

Parameter

Mg

Cu
img/Lj

Zn

Output
Control

11.96a
3.65b

<0.0035
<0.0035

0.006
0.013

* TKN data were from I.D. Hesse, Coastal Ecology Institute, LSU, Baton
Rouge, LA 70803.
* Means within columns for the same parameter with the same letter are not
significantly different at p=0.05, as determined by Duncan's multiple range
test.

Because there were relatively low concentrations of these ions in the rainfall,
the concentrations of these ions in the swamp water would be diluted if
heavy rainfall occurred. High rainfall was recorded in June 1993 (Fig. 2.2b).
Mean monthly precipitation was not high in April and November 1993, but
rainfall occurred prior to the samplings. Samples of April 1993 were taken
on 15th of April 1993, 6 cm precipitation was recorded on that day (National
Climatic Data Center, 1993).

November 1993 samples were taken on

TDS (mg/L)
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Figure 2.6. Concentrations of TDS measured at the inlet, output and control stations.
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November 18, 1993, 3.7 cm of precipitation was recorded two days before
the sampling (National Climatic Data Center, 1993). Conversely, the TDS
data of the control swamp water were relatively stable without strong
seasonal trends. Similar trends were also obtained for Na, Cl (Fig. 2.7) and
Ca, Mg (Fig. 2.8).
The percentages of soluble inorganic P and S observed at the output
station accounted for about 70% of the total P and 65% of the total S, which
were higher than the ratios found in the control swamp water. In the control
swamp water, soluble P 0 4-P accounted for about 35% of the total P and
soluble SO„-S accounted for about 43% of the total S. The transformation,
shifting the swamp water from mainly organic forms of P and S to the
inorganic forms, increased the potential of these elements to be taken up by
plants or adsorbed by soil. Although detectable concentrations of Zn and Cu
were found in the effluent water, their concentrations were under the
detection limit or less than the limit of quantitation (LOQ) at the output
station.
2.3.5. Water Quality Changes along Distance from the Inlet
2.3.5.1. Changes within the first 100 m from the inlet
Water samples were collected monthly at the permanent study plots
in the treated swamp area. These monthly monitored sampling stations are:
wastewater inlet, pond, 25, 50 and 100 m from the forest edge beyond the
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Figure 2.7. Concentrations of Na and Cl measured at the inlet, output and control stations.
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Figure 2.8. Concentrations of Ca and Mg measured at the inlet, output and control stations.
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pond. Table 2.6 shows the mean concentrations of selected parameters
measured at these stations from March 1992 to March 1994.
From the inlet to the pond, significantly decreased concentrations were
mainly due to physical dilution when the swamp water and the wastewater
mixed. After the pond station, concentrations of total P, BODs, K and Ca
were not significantly decreased at the 100 m station.

However, it was

noticed that 63% of NOa-N in the effluent was reduced between the inlet and
the 100 m station. To study the effect of physical dilution, Cl was taken as
a reference.

As an accessory element, the concentration changes of Cl

along the flow pathway could simply be assumed as a dilution effect by the
swamp water. If dilution is the only process involved in the concentration
changes of another element, the concentration changes of this element
should be proportional to the concentration changes of the Cl. This can be
described as:
Clo/CI, = Ao/A,

(2.3)

therefore, A, = Aq/CIq x Cl,

(2.4)

Where: A, — diluted concentration of a concerned element at a
distance away from the inlet. Aq —concentration of this concerned element
measured in the inlet. Cl0 -- Cl concentration measured in the inlet. Cl, Cl concentration measured at this distance.
Based on this assumption, the diluted concentrations of N 0 3-N and
P 04-P at each sampling station were calculated by the concentration ratio

i
Table 2.6. Water quality changes within the first 100 m distance from the inlet (n=24).

Distance

n o 3- n

Total P

Inlet
Pond
25 m
50 m
100 m
Reduction(%)

8.4at
7.3b
5.0C
4.0d
3.1e
63

2.49a
2.24b
2.22b
2.22b
2.21b
11

Distance

TDS

K

Inlet
Pond
25 m
50 m
100 m
Reduction(%)

349a
338b
338b
326c
317d
9

8.07b
8.02b
8.41a
8.16b
8.00b
None

Total S
-- mn/l
_..rmy/u —
—- —
11.67®
11.40b
10.97c
10.86c
10.51d
10
Na
• mn/l
niy/i_
54.54a
52.94b
51.81c
51.42d
50.63®
7

B

BODg

DO

0.13b
0.13b
0.14a
0.15a
0.15a
None

16.7a
12.7b
11.1b
11.4b
10.8b
35

2.57b
6.42®
1.54c
1.62c
1.13d
56

Cl

Ca

Mg

56.66a
55.21b
53.96c
53.83c
52.96d
7

57.39b
se.es*1
58.16a
57.12^
56.33d
2

17.23®
17.07b
17.32®
17.03b
16.81c
2

Means within columns for the same parameter with the same letter are not significantly different at p=0.05,
as determined by Duncan’s multiple range test.'

-Cx

00

of that parameter versus Cl for the inlet multiplied by the measured
concentration of Cl at that station. Figure 2.9 shows the calculated dilution
effects for N 03-N and P 04-P from the inlet to the 100 m distance.

The

concentrations of NOa-N measured in the swamp water were much lower
than that calculated by dilution factor (Fig. 2.9a). This indicates that dilution
is not the only process involved in NOa-N change in concentration.

Other

processes are responsible for N 03-N removal. It suggests that the swamp
system can assimilate N in a relatively short distance. However, P reduction
within the first 100 m was mainly due to dilution (Fig. 2.9b).

The slight

difference between calculated and measured P 0 4-P was within the range of
error.
The highest DO value was found for the pond station. This station is
an open water area with less cover than within the forested swamp. The
higher DO in the pond was probably due to higher photosynthesis (due to
more sunlight).

The process by which the effluent was delivered to the

swamp by cascading down the ridged piece of concrete would also add 0 2
to the pond water.

The advantages of the pond to water quality

improvement were that it provided more 0 2 for microorganisms

to

decompose organic matter and enhanced sequential nitrification and
denitrification. About one third of BOD5 introduced by the wastewater was
reduced by the time the water left the pond station (Table 2.6).
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Figure 2.9. Mean concentrations of (a) NOa-N and (b) P 04-P , measured at
the sampling stations in the treated site, and calculated by the dilution factor.
(n=24).
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However, compared with the removal rates achieved at the output
station, the water quality within the first 100 m was not improved as much
as it could be with a longer retention time.

Longer retention times were

studied by evaluating sites between 100 m and 1600 m. This transect study
is discussed in the following section.
2.3.5.2. 1600 m transect study
To understand the process of water quality changes from beyond the
100 m to the output station, water samples were collected along the
wastewater pathway every 200 m from the inlet to the output station (1600
m).

These data show that the concentrations of most of the measured

parameters decreased with distance (Table 2.7), indicating assimilation into
the wetland system. The N 03-N was completely removed within the 800 m
distance. Compared with the concentration measured at the inlet, there was
not a significant K reduction until 800 m. The concentrations of Na, Cl, Ca,
total P, P04-P, B, total S and Mg were decreased with distance from the
inlet. However, equilibrium zones were found within the first 600 m for total
P, PCVP and B; 400 m for total S; and 800 m for Mg. The concentration of
BODs remained at similar levels, indicating the level of the natural swamp.
Low DO values are generally found in the Louisiana swamps (Seaton and
Day, 1979).
Nitrogen decreased dramatically with distance along the transect (Fig.
2.10). The decrease of NOa-N was temperature dependent (Fig. 2.10a). In

Table 2.7. Water quality changes along the 1600 m transect from the inlet (n=4).

Distance

N 0 3-N

Total P

P 0 4-P

Total S

B

BODs

DO

Inlet
200 m
400 m
600 m
800 m
1000 m
1200 m
1400 m
1600 m
Removal(%)

10.2*
1.4b
Q.7C
Q.2d
<0.1B
<0.1*
<0.1*
<0.1*
<0.1s
100

2.44*
1.80c
1,79c
1.86*
1.61'*
1.4 8 *
1.34*
1.23'°
1.11s
55

2.06s
1.54cd
1.60bc
1.48d
1.39s
1.27'
1.08s
1.01s
0.86h
58

13.03s
10.23b
10.49b
9.36e
7.69d
6.44s
5.54f
5.14s
3.82h
71

0.16s
0.14b
0.14b
0.13b
0.09c
0 .0 7 *
0 .0 7 *
0.05s
67

15.3*
10.9*
9.3C
10.1*
8.8°
11.9*
10.1*
7.4e
9 .6 *
36

1.80s
2.08s
0 .7 5 *
1 .0 2 *
0 .7 7 *
0.53d
0.51d
0.39d
0.60d
67

Distance

TDS

K

Na

Cl

Ca

Mg

Inlet
200 m
400 m
600 m
800 m
1000 m
1200 m
1400 m
1600 m
Removal(%)

354s
309c
3216
285“
285d
269s
237f
221s
202h
43

8.15s
8.29s
8.28s
8.27s
7.12b
6.92b
7.19b
6.86b
7.12b
13

mg/L
58.23s
48.89e
51.59b
48.41c
44.30d
40.65s
37.01'
34.99s
29.89h
49

63.75s
53.72c
57.78b
52.89c
48.72d
45.55s
40.68'
36.94s
33.89h
47

59.88s
55.59b
54.23c
53.53*
52.67d
50.04s
44.85'
42.99s
38.05h
35

17.87s
15.49b
15.82b
15.55b
15.32b
14.61c
13.23d
12.73s
11.23'
37

mg/L

o.os*

f Means within columns for the same parameter with the same letter are not significantly different at p=0.05, as determined by
Duncan’s multiple range test.
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Figure 2.10. Mean concentrations of (a) N 03-N, measured along the transect
during December 1992, January, June and October 1994; (b) Mean
concentrations of NH4-N, measured along the transect in June 1994.
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warm seasons, June and October 1994, N 0 3-N was totally removed by the
time the water reached 200 m. Whereas in winter (December 1992, and
January 1994), N 0 3-N was not removed completely until 800 m, about half
way from the inlet to the output station. The concentration of NH4-N was
relatively low in the transect (Fig. 2.10b).

The NH4-N concentration

increased within the swamp compared to the inlet. This suggests that a
biological re-release process was involved (Day et al., 1989). Plants and
microbes assimilate inorganic N (both N 03-N and NH4-N) into their body to
convert it to an organic form, and then mineralize the organic form to NH4-N
when they die.
The P 04-P concentration gradually decreased with distance except for
the January 1994 sampling, where an increase in concentration occurred at
400 to 600 m (Fig. 2.11a). These increases may be due to the variability of
input concentrations and the long retention time. Figure 2.11b shows the Cl
concentrations along the transect. The Cl concentration generally decreased
with distance.

Physical dilution played an important role in Cl decrease

rather than plant uptake or soil adsorption. The input concentrations were
similar in December 1992 and October 1994, however, the concentrations
along the transects for October 1994 were higher than that for December
1992.
swamp.

It shows that the Cl concentration became slightly elevated in the
Taking Cl as a reference, diluted concentrations of P 04-P were

calculated as discussed earlier.

In December 1992, the measured
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Figure 2.11. Concentrations of (a) P 04-P and (b) Cl, measured along the
transect in the treated site during December 1992, January, June and
October of 1994.
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Figure 2.12. Concentrations of P 04-P, measured in the field and calculated
by the dilution factor along the transect in the treated site in (a) December
1992, and (b) October 1994.

concentrations of P 0 4-P along the transects had similar trends to that
calculated by the dilution effect (Fig. 2.12a), indicating that physical dilution
was the main process involved in the December. However, the difference
between the measured and the calculated concentrations of P 04-P was
greater in October 1994 (Fig. 2.12b), indicating that the other processes
were also involved in P removal at this time. The mean water temperature
was 13.3 °C in December 1992 and 26.8 “C in October 1994. These data
indicate that dilution was the major process for P decreasing along the
transect when temperature was low; whereas other processes such as plant
uptake, and soil adsorption played very important roles as well in P removal
in the warm season. In October 1994, if dilution were the only process as
we assumed based on the calculated concentration, saturated conditions
would have occurred within the first 400 m (Fig. 2.12b). However, compared
with the concentrations measured in the field (Fig. 2.12b), it indicates that
after two years of wastewater application, the swamp still could remove P
from the wastewater efficiently when temperatures were adequate to support
plant growth.
2.3.6. Impact of Hurricane Andrew on Water Quality
Hurricane Andrew struck the study area on August 26, 1992. Since
the site was monitored monthly at the 25, 50 and 100 m stations both in the
control and the treated sites, the impact of the hurricane on water quality can
be evaluated.
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The site was sampled 14 days following the hurricane on September
10,1992. By comparing the routine results obtained both in the treated and
the control sites, we found the following results: 1) In the control site, most
parameters were within the normal ranges of variation, except for BODs and
K. The BODs and K concentrations were higher than the normal ranges of
variation; 2) in the treated site, most parameters were within the normal
ranges of variation which were dependent on the inlet concentrations, except
for N 0 3-N. The N 03-N concentration was lower than the normal range of
variation compared with the similar level of the input; 3) the concentrations
of Na and Cl did not change after the hurricane.
Litterfall, within the two hours that Hurricane Andrew passed through
this area, was about 30% to 41% of the mean annual leaf litterfall (Rybczyk,
et al., 1995) in this swamp.

This introduced a large quantity of organic

matter (mostly fresh leaves) into the swamp water during a short period of
time.

To decompose this organic matter more Oz was needed by

microorganisms. Due to naturally low DO values in the swamp, DO might
not be a good indicator of the litter fall into this system.

However, BOD5

measurements, 14 days after the hurricane, indicate that there was an
unusual high demand for 0 2 in the control site, but not in the treated site
(Fig. 2.13). It is probable that BOD5 values were also high in the treated site
immediately after the hurricane, and then decreased before the sampling.
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Figure 2.13. Mean concentrations of BODs and N03-N, measured at the 25, 50 and 100 m stations
for the inlet, treated and control sites from March 1992 to March 1994.

The BODs is defined as the amount of 0 2 required by bacteria white
stabilizing decomposable organic matter under aerobic conditions.

A

quantitative relationship exists between the amount of Oz required to convert
a defined amount of any given organic compound to carbon dioxide, water
and ammonia.

It is possible to interpret BOD data in terms of organic

matter, as well as the amount of 0 2 used during its oxidation (Sawyer and
McCarty, 1978). The higher BODs value, the higher organic matter content
in the water.
The BOD5 was within the typical range of variation in the treated site
after the hurricane.

This indicates that the treated site had the ability to

decompose the high influx of leaf litter. In the control site, due to the low
concentration of N, and high C/N ratio right after the hurricane, the rate of
organic matter decomposition was probably N limited, resulting in a higher
BOD5.

In contrast, N input from the wastewater in the treated site

maintained a C/N ratio within the first 100 m that favored organic matter
decomposition, resulting in lower BODs values.

Fourteen days after the

hurricane, lo,wer NOa-N concentration (Fig. 2.13b) than the typical range of
variation was observed in the treated site. Lodge et al. (1991) also reported
decreased N 03-N concentrations in a stream draining a tropical wet forest
immediately after being defoliated by hurricane Hugo. This indicates that the
treated site was using the added N beneficially to maintain the C/N ratio and
thereby maintaining the lower BODs values. It is suggested that the treated
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site could process the influx of organic matter introduced by the hurricane
better than the control area.
Potassium is an extremely mobile cation and is rapidly leached from
leaf litter (Shure et al., 1986). The K concentration in the water doubled
following the hurricane for the control area (Fig. 2.14).

However, the K

concentration was within the normal range of the variation for the treated site
because of the higher consumption rate.

A high K concentration in the

control swamp water was found in the high litter fall seasons (September of
1992 and 1993).

However, the K concentration was significantly higher

during and after the hurricane than that in September 1993.

This

substantiates the hurricane effect.
During and after hurricane Andrew, the concentrations of Na and Cl
remained at normal levels (Fig. 2.15). Thus, there was no indication of sea
water intrusion or increasing Na and Cl from the precipitation from the
hurricane into the study area.
2.4. SUMMARY AND CONCLUSIONS
The secondarily treated municipal wastewater was discharged to the
Pointe-au-Chene Swamp at rate of 6.3x10® L/day over a 231 ha forested
wetland area. The theoretical hydraulic detention time of the wastewater in
this treated area was about 120 days. The swamp system reduced 100%
of NOa-N, 69% of TKN, and 66% of total P in the secondarily treated
municipal wastewater. At the 1600 m away from the wastewater inlet, mean
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concentrations were 0.9 mg/L for total N and 0.9 mg/L for total P; whereas,
the advanced wastewater treatment (AWT) standards in the tertiary effluent
are 3 mg/L for total N and 1 mg/L for total P. Therefore, tertiary treatment
was achieved.
There was no potential detrimental loading of trace metals to the
swamp water because of very low concentrations in the wastewater. The
concentrations of BOD5, N 03-N, TKN, B, Cu and Zn at the 1600 m distance
from the inlet were similar to the control levels.

However, the removal

efficiency of P was dependent on the input concentration and temperature.
The swamp could remove P from the wastewater efficiently when
temperatures were warm enough and plants were actively growing. Soluble
ions such as Ca, Mg, Na and Cl were diluted by the swamp water, but the
concentrations were significantly higher than the control levels. At the 1600
m station in the treated site, no significant increases of these ions were
observed with time.

It is concluded that the swamp system was more

efficient to remediate wastewater in the warm seasons than in the cool
seasons.
Within 100 m away from the pipe inlet in the treated site, water quality
was improved with N 03-N being reduced the most. Complete removal of
NOa-N was achieved at the 800 m distance, which was half way between the
inlet and the output station. It is suggested that the swamp system would
work well even if the N loading rate were doubled. Based on the present
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loading rate, P and soluble ions concentrations in the swamp water could be
a problem. Continue monitoring is needed for these parameters.
The impacts of the hurricane on water quality in the natural swamp
were an increased BODs and K in the control site. Recovery time back to
normal ranges of the variation was within one to two months. There was no
indication of long-term hurricane impact on the water quality in the study
area. However, the treated site was using the added N from the wastewater
beneficially to maintain the C/N ratio. It could process the influx of organic
matter introduced by the hurricane better than the control area.

It is

concluded that the treated swamp was a very efficient biochemical buffer for
protecting water quality against the effects from hurricane.

CHAPTER 3
EFFECTS OF TREATED MUNICIPAL WASTEWATER ON SWAMP
SEDIMENTS
3.1. INTRODUCTION
The use of wetlands for wastewater treatment is based on the
hypothesis that wetlands serve as a sink for nutrients (Nichols, 1983;
Brinson et at., 1984; Lindau et at., 1988). Wetland wastewater treatment
systems involve physical, chemical and biological processes. They include
dilution, nutrient uptake, sedimentation, precipitation, adsorption, absorption,
immobilization, mineralization, ammonification, nitrification, denitrification, ion
exchange, etc. Microbial and plant uptake are considered to be a short-term
removal of nutrients from the water column because the nutrients can be
easily released through natural die-off and decomposition (Davis, 1991).
Long-term storage of nutrients depends on soil adsorption-desorption
reactions, sedimentation and incorporation-mineralization of soil organic
matter.

In order to determine if the swamp has a long-term wastewater

treatment potential, it is important to understand the biogeochemical
functions of the swamp sediment. Rooted plants obtain nearly all of their
nutrients from sediment (Johengen and LaRock, 1993), therefore nutrient
analyses of the sediment are also critical for evaluating the productivity of a
swamp.
The city of Thibodaux, LA has been discharging secondarily treated
municipal wastewater into the Pointe-au-Chene Swamp since March 1992.
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An intensive monitoring scheme of the water quality was also initiated in
March 1992. Results from the first two years of monitoring have shown that
the swamp system has functioned as an effective sink for wastewater
nutrients (Chapter 2). The percentage load reductions were 100% for N 0 3N, 69% for TKN, 66% for total P, 55% for total S, 33% for Ca and 30% for
Mg. It is important to note that these results were based on only two years
of wastewater application. Can these removal rates be expected to hold for
longer periods of time? Swamp sediment dynamics plays a very important
role in answering this question. The objective of this paper is to evaluate the
impact of secondarily treated municipal wastewater on sediment chemical
properties after two years of application of wastewater.
3.2. MATERIALS AND METHODS
3.2.1. Site Description
The study area has been described by Day et al. (1994) as follow:
The Pointe-au-Chene Swamp lies on the backslope of the abandoned
Bayou Lafourche distributary approximately 10 Km southwest of Thibodaux,
LA (Fig. 3.1). The study site consists of two almost continuously flooded
forested wetlands within a 1425 ha hydrologicaliy restricted basin separated
by a hardwood bottomland ridge. The ridge site, running from northeast to
southwest (mean elevation = 1.16 m above MSL) is approximately 300 m
wide and is vegetated primarily with oaks (Quercus nigra and O. nuttallii),
sweetgum (Liquidambar styraciflua), American elm (Ulmus americana), palmetto
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Figure 3.1. Map of Thibodaux, LA, showing the location of the treated and
control sites within Pointe-au-Chene Swamp. BLH are bottomland hardwood
ridges (Day et a!., 1994).

69
(Sabal minor) and boxelder (Acer negundo).

The forested wetlands on

either side of the ridge (mean elevation = 0.76 m above MSL) are dominated
by ash (Fraxinus pennsylvanica), black willow (Salix nigra), baldcypress
(Taxodium distichum), water tupelo (Nyssa aquatica), red maple (Acer
rubrum) and palmetto (Sabal minor).

Since March 1992, the 231 ha forested wetland site on the west side
of the ridge has been receiving secondarily treated municipal wastewater at
a rate of 6.3x106 L/day. The sewage treatment plant lies approximately 2520
m from this swamp. Wastewater is discharged from 40 pipe risers located
on a 610 m long spoil bank that serves as the northern boundary of the site
(Fig. 3.1). The effluent flows across a concrete cascade, through a non
vegetated area (pond) to the forested swamp.

It then flows southward,

between the ridge on the east and an oil access road on the west.

The

treated effluent exits at a point where these two features nearly meet. Water
exits the confined wetland into a larger swamp before it finally empties into
the Terrebonne-Lafourche Drainage Canal. The combination of ridge, spoil
bank and access road, hydrologically isolates the treatment swamp from the
rest of the 1425 ha basin. The swamp on the eastern side of the ridge is
referred to as the control site and is not influenced by the effluent.
The subtropical climatic conditions in the region are determined
largely by the location (latitude 29°) and proximity to the Gulf of Mexico. The
mean annual air temperature is 20.6 °C, ranging from 13.0 °C in January to
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27.5 °C in July. Mean annual precipitation is 167 cm/year, but has ranged
from a low of 79 cm in 1962 to as high as 222 cm in 1940.
In both the treated and the control sites, standing water was present
at all times throughout the study period.

Water levels in the control site

averaged 24.2 cm in 1992, and 30.8 cm in 1993 above the forest floor. In
the treated site, water levels averaged 31.0 cm in 1992 and 36.5 cm in 1993
(Rybczyk et al., 1995).
Soil series are Fausse clay (very-fine, montmorillonitic, nonacid,
thermic Typic Fluvaquents) on the flooded sites and Sharkey clay (very-fine,
montmorillonitic, nonacid, thermic Vertic Haplaquepts) on the ridge site
(USDA, Soil Conservation Service, 1984). The soils were formed in alluvial
and organic material. The alluvium is from distributary streams of a former
delta of the Mississippi River (Saucier, 1974).
3.2.2. Experimental Design and Field Methods
Six permanent study plots for water and soil samplings were
established at 25, 50 and 100 m into the forested swamp in the treated and
the control sites (Table 3.1).

Triplicate water samples were collected

monthly from March 1992 through March 1994. Sediment samples were
taken in triplicate at 0-2, 2-4, 4-6 and 6-12 cm depths five times over a twoyear study period at the above stations. Sampling dates were in June and
October 1992, February and December 1993, and June 1994.

Also, to

determine P bonding forms in the treated and the control sites, soil P
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characterizations were conducted at different stations and depths (0-2 and
2-4 cm) after two years of wastewater application.
Table 3.1. Layout of water and soil sampling stations.
Sampling Station
Treatment
T25
T50
T100
Control
C25
C50
C100

Site Description
25 m into the forest
50 m into the forest
100 m into the forest
25 m into the forest
50 m into the forest
100 m into the forest

f distance was measured from the forest edge beyond the pond.
3.2.3. Soil Analyses
Soil samples were collected from the field, air-dried and ground before.
analyses. There were known errors for some parameters such as pH, Fe
and Mn due to the redox change. Moisture content was determined by oven
drying 10 g of the air-dried soil at 105 °C until constant weight (Gardner,
1986). All elemental concentrations were based on an oven dry weight.*.
Soil samples were analyzed for extractable P (Bray II) (Bray and
Kurtz, 1945); total N (Nelson and Sommers, 1973); organic matter (OM)
(Nelson and Sommers, 1982); electrical conductivity (EC) (USDA, 1984); soil
reactions (pH) in water, 0.01 M CaCI2 and 1 N KCI (soikwater 1:4) (Soil
Survey Staff, 1972); DTPA-TEA extractable elements for Fe, Mn, Cu, Zn, Cr,
and Cd (Lindsay and Norvell, 1978); total elements for P, S, Ca, Mg, Zn, Cu,

K, Na, Fe and Al using a HF aqua regia digestion (Feagley et al., 1982);
particle size distribution using the hydrometer method (Day, 1965);

clay

mineralogy by X-ray diffraction (Moore and Reynolds, 1989). Water soluble
elements (K, Na, Ca, Mg, Cl and S) were determined from a water extract
(soil.water 1:8) that was filtered successively with Whatman filter 42 and 0.2
um millipore prior to measurements. Anion concentrations (Cl and S 0 4-S)
were determined by ion chromatography (IC) measurements with a Dionex
IC (Model 201 Oi) (Sunnyvale, CA). Elemental concentrations (K, Na, Ca,
Mg, S and trace metals) were determined by an inductively coupled plasma
quantometer (ICP), Applied Research Laboratories, Model 34,000 (Beverly,
MA).
Fractionation of soil P was obtained with sequentially selective
extractions (Koch and Reddy, 1992). Soil P was characterized into various
forms: (1) mobile P (KCI extractable); (2) Fe- and Al-bond P (soluble P of the
NaOH extract); (3) Ca-bond P (HCI extractable); (4) alkali-extractable
organic P (the difference in total P and soluble P of the NaOH extract); and
(5) residual organic P (calculated as the difference between the total P and
all the extractions).

Phosphorus concentration was determined using the

ascorbic acid method (Clesceri et al., 1989) with a Bausch & Lomb,
Spectronic 501 spectrometer (Rochester, NY).
Soil redox potential measurements were conducted in the field with
permanently installed platinum (Pt) electrodes at the 25 m stations both in

the treated and the control sites. Five duplicates of the Pt electrodes were
installed at 15 and 30 cm depths at each site.

The construction and

installation of the Pt electrodes were described by Szogi and Hudnall (1991).
A saturated calomel reference electrode was used, therefore, 244 mv was
added to the field readings to correct the redox potentials (Eh). To express
the transfer of protons and electrons as an unique parameter, allowing the
comparison of redox potentials taken at different pH values, the Eh values
at different soil pH were adjusted to pH 7 according to the following
equation: Eh7 = Eh + 59 (7.0-pH) (Sposito, 1984).
3.2.4. Water Quality Analyses
Dissolved oxygen (DO) and temperature were measured in the field
using an ORION Model 820 DO meter (Boston, MA); measurements of pH
and electrical conductivity (EC) were made in the field using a Corning
Checkmate M90 portable, microprocessor based pH meter and conductivity
meter (Corning, NY).
The concentrations of NOa-N, S 04-S, P04-P and Cl were determined
by an ion chromatography.

Water samples were filtered using 0.45 urn

millipore filters prior to the analyses. For analyses of K, Ca, Na, Mg, Fe, Mn,
Ni, Al, Cd, Cu, As, B, Pb, Zn, P, S, Cr and Co, water samples were collected
in 50 mL acid-washed

polyethylene

bottles,

acidified

on site with

concentrated HNOa to pH 2 for sample preservation, stored on ice or in the
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refrigerator until laboratory analyses. These samples were filtered through
a 0.45 um millipore filter before measurement employing an ICP.
3.2.5. Data Analyses
Data were analyzed by analysis of variance as a randomized block
design with repeated measurement in time and space (depth and distance).
The test was performed using a General Linear Models Procedure with
factors of location, depth, and time (SAS, 1988). The least squares means
tests were performed for pairwise comparison when two-way interactions
were found significantly (p<0.05).
3.3. RESULTS AND DISCUSSIONS
3.3.1. Soil Characterization
Physical and chemical properties of the soil profiles taken prior to
wastewater application are presented in Table 3.2. These soils were on the
lower part and beyond the natural levee of distributory stream of a former
delta of the Mississippi River. Thus, they formed in clayey alluvium. Clay
content ranged from 67% to 84%, which would restrict leaching and
groundwater flow effectively.

The dominant clay minerals were smectite

(55%), illite (23%) and kaolinite (22%). The pH values were lower in the
surface, as expected, due to higher organic matter in the surface. The CaCI2
and KCI pH values are lower than HzO pH values because they measure a
portion of the exchangeable H*. The KCI pH value was lower than the CaCI2
due to the concentration of the neutral salts relative to each other. The surface

Table 3.2. Selected physical and chemical properties of the soil profiles prior to the wastewater application
(samples were collected in August 1991).

Soil

Depth

Particle Size Distribution
Sand Silt
Clay
% ■-----------

cm
T25
T50
T100

C25

C50

C100

0-6
6-60
0-6
6-40
0-6
6-36
36-45
0-6
6-21
21-65
0-6
6-31
31-60
0-6
6-36t
36-60

T: missing sample.

Soil pH
H20 CaCI2 KCI

EC

OM

ds/m

%

organic + mineral
10
23
67
organic + mineral
11
22
67
organic + mineral
68
9
23
5
28
67

6.54
6.91
5.54
6.74
6.33
6.47
6.89

5.03
5.92
4.99
5.89
5.17
5.03
5.98

4.70
5.51
4.67
5.38
4.69
4.32
5.35

0.38
0.28
0.42
0.34
0.38
0.20
0.46

23
5.1
40
5.1
28
5.4
3.5

organic + mineral
74
17
7
84
organic + mineral
11
17
72
10
22
68
organic + mineral

6.03
6.41
6.73
5.52
6.18
6.80
5.64

4.96
5.14
5.97
5.00
5.88
6.41
4.88

4.54
4.48
5.74
4.73
4.92
5.85
4.58

0.40
0.25
0.33
0.61
0.29
0.37
0.35

22
4.8
3.3
37
5.1
3.1
48

6.59 6.35

5.56

0.23

3.4

9
9

4

17

79

(table con’d.)

Soil

P

Depth
Bray II

T25
T50
T100

C25

C50

C100

Total

DTPA Extrac.
Cu
Zn

Ca

Water Solubles
Mg
K
Na

Cl

cm

---------------

0-6
6-60
0-6
6-40
0-6
6-36
36-45

176
229
116
246
123
188
183

1183
1586
1155
1413
921
1082
978

0.99
6.09
3.11
6.13
0.22
5.37
6.21

5.82
3.03
7.27
2.89
2.88
3.05
2.91

107
39.4
143
49.3
120
30.6
35.7

32
12
43
16
36
10
13

50
14
61
14
56
20
17

24
44
46
57
35
26
40

35
32
61
43
41
24
40

0-6
6-21
21-65
0-6
6-31
31-60
0-6
6-36f
36-60

120
181
151
102
185
240
84

1069
1050
1062
1143
1090
1195

0.17
0.17
0.12
0.16
0.14
0.10
1.51

0.11
6.15
4.67
0.14
4.54
3.36
4.77

122
33.3
31.3
175
26.9
29.4
163

37
12
11
53
9.4
11
46

46
16
8.1
65
15
12
63

36
42
63
50
47
69
38

35
38
46
44
37
44
51

4.29

1.78

25.7 8.8

11

35

32

*: missing sample.

182

mg/kg soil
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had less Bray II extractable P than the subsoil. Bray II extractable P is a
measure of mobile and Ca-P forms. Therefore, there was less Ca bond P
in the surface because more organic matter and less clay were in the
surface as compared to the subsoil. At the 25 m station in the treated site,
more extractable P was observed than for the control before wastewater
application.
3.3.2. Swamp Water Chemistry
Table 3.3 shows the mean concentrations of selected parameters
measured in the swamp water at the six sampling stations from March 1992
to March 1994. Due to the wastewater application, higher concentrations of
N, P, S, BODs and other soluble ions were present in the water of the
treated site than the control site. Slight concentration decreases of these
parameters were observed along the 25, 50 and 100 m stations in the
treated site. Because of the differences in water quality between the treated
and control sites, these parameters also should be monitored in the
sediments.
During the study period, concentrations of the selected parameters in
the control water were relatively static.

In the treated site, however,

concentrations of the parameters at these stations depended on the
concentrations from the wastewater inlet.

No seasonal trends of water

quality in the pipe inlet were observed (Chapter 2).

Based on the

wastewater flow rate and mean concentrations, it was estimated that about
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Table 3.3. Mean and standard deviation (n=24) of the concentrations of
selected parameters in the swamp water, measured at 25, 50 and 100 m
stations in the treated and the control sites from March 1992 to March 1994.
Parameter

Distance
(m)

EC (dS/cm) 25
50
100
25
pH
50
100
NOa-N
Total P
Total S
Ca
Mg
K
Na
Cl
bod5

25
50
100
25
50
100
25
50
100
25
50
100
25
50
100
25
50
100
25
50
100
25
50
100
25
50
100

Control

Treatment
Mean ± SD--------------

109.1 ± 17.4
125.3 ± 35.1
106.0 ± 21.7
7.50
7.23
7.31
------------------- (mg/L) _
<0.1
<0.1
<0.1
0.35 ± 0.25
0.37 ± 0.33
0.32 ± 0.31
0.78 ± 0.48
0.93 + 0.87
0.62 ± 0.21
9.49 ± 2.69
10.93 ± 3.27
9.10 ± 3.04
3.49 ± 0.86
3.98 ± 1.07
3.23 ± 0.96
3.93 ± 1.50
3.91 ± 1.64
3.85 ± 1.49
5.05 ± 1.49
6.35 ± 2.63
5.04 ± 1.73
6.83 ± 2.86
13.17 ± 10.28
8.59 ± 4.20
6.8 ± 8.6
6.1 ± 8.3
6.8 ± 6.8

642 ± 88.6
636 ± 92.8
626 ± 93.3
7.22
7.26
7.30
4.99 ± 2.15
4.01 ± 1.95
3.10 ± 1.80
2.22 ± 0.68
2.22 ± 0.58
2.21 ± 0.70
10.97 ± 3.09
10.86 ± 3.03
10.51 ± 2.91
58.16 ± 8.12
57.12 ± 7.78
56.33 ± 8.44
17.32 ± 2.30
17.03 ± 2.16
16.81 ± 2.36
8.41 ± 2.01
8.16 ± 1.53
8.00 ± 1.70
51.81 ± 12.81
51.42 ± 12.44
50.63 ± 12.70
53.96 ± 13.87
53.83 ± 13.66
52.96 ± 12.98
10.7 ± 6.7
11.2 ± 8.2
9.8 ± 6.8
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57.9 Mg of N, 11.3 Mg of P, 54.2 Mg of S, 36.9 Mg of K, 263.8 Mg of Ca,
78.8 Mg of Mg and 68.5 Mg of BODs were brought to the treated swamp by
the wastewater between march 1992 to march 1994 (Chapter 2).
3.3.3. Redox Potential of the Sediments
Redox potential (corrected to pH 7) measurements are shown in
Figure 3.2. Similar range of values was obtained in both the treated and the
control sites, ranging from 150 to -100 mV. Within this range, the N 03', Mn4+
and Fe3+ had been reduced to N2 gas, Mn2+ and Fe2\ respectively.

It is

assumed that if the organic carbon source was high enough, Eh value might
drop to below -150 mV, then S 042', a continuing supply from the wastewater,
could be reduced to S2*.
At the 15 cm depth, higher Eh values were generally observed in the
treated site than the control. This was because of continuous supply of N 0 3
in the wastewater and some of 0 2 was diffused to the sediment through the
movement of the wastewater. The decreases of Eh values in the treated site
in the summer (June to A ugust) of 1993 were due to high microbial activity
resulting from the increased temperature and added nutrients from the
wastewater. On the other hand, the higher Eh values at the 30 cm depth
were generally obtained in the control site than the treated site. This was
due to less organic C in the control site at the 30 cm depth than the 15 cm
depth. More organic C had been consumed in the surface in the control site,
whereas in the treated site, there was a continuous supply of organic C from
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Figure 3.2. Mean redox potential (Eh) measurements (corrected to pH 7) at
(a) 15 cm, (b) 30 cm depth at 25 m stations in the treated and control sites
from September 1992 to September 1993 (n=5).

both wastewater and duckweed turnover. In April 1993, high Eh values at
30 cm were probably related to rhizosphere oxidization (Patrick, 1990) or
reading errors. Trees in the swamp might transport 0 2 into the soil through
roots.

Also, Eh reading errors may occur by taking measurements at

different times of the day, because Eh fluctuation occurs during the day. In
this study, the Eh values were not measured in the field at the same time
during the study period, therefore, the reading errors were expected.
Hudnall etal. (1993) suggested that if the Eh values are manually obtained,
one must try to read the electrodes the same time each day the Eh values
are read.
3.3.4. Total Soil N
Concentration of total soil N varied with date of the sampling (Fig.
3.3a). Significantly higher total soil N was observed for all the study sites in
the winter (February and December 1993) than in the warm seasons (June
and October 1992, and June 1994).

This is caused by a lower

mineralization rate and less plant uptake at lower temperatures (Fig. 3.4).
Plant uptake during the colder months is limited since the plants are dormant
or growing slowly. The control plots had less N in December than February.
This was because that the soil accumulated N was low at the start of the
non-growing season in December, and increased until February when the
growing season began. In December 1993, significantly lower total soil N
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Figure 3.3. Mean (a) soil total N, and (b) soil organic matter, averaged over
all distances and depths. Means within each graph with the same letter are
not significantly different at p=0.05, as determined by Bonferroni’s pairwise
comparisons.
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Figure 3.4. Mean water temperatures measured at 25, 50 and 100 m
stations in the treated and the control sites from March 1992 to March 1994.
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was found in the control than the treated site, probably due to lack of an
external source of N (the effluent) that the treated site received.

The N

values obtained for the remainder of the sampling dates were statistically
similar: There were no differences in total soil N in the treated and control
sites at each time of the sampling.
The treated swamp had received 57.9 tons of N through the
wastewater discharge within these two years. However, it is noted that: (1)
no accumulation of total soil N was found after two years of application of
wastewater when June 1992 and June 1994 data were compared; (2) there
was no accumulation of total soil N at any depth in the soil profile compared
with the control site; (3) no significant differences in total soil N were found
among the 25, 50 and 100 m stations. This indicates that plant uptake may
not be the only or the ultimate pathway of N loss from the swamp water.
Denitrification may remove substantial amounts of N from the wastewater as
well (Boustany and Twilley, 1994).
3.3.5. Soil Organic Matter
Soil organic matter (Fig. 3.3b) varied seasonally. There was a similar
trend found for total soil N. There was no significant accumulation of soil
organic matter within the soil profile nor with the distance away from the inlet
after two years of wastewater application. This is not surprising because the
wastewater was discharged with very low organic matter content.

Soil

organic matter content depends on plant productivity (in terms of litterfall)
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and decomposition rate. No significant differences of plant productivity (in
terms of litterfall) and decomposition rate were found in the treated and the
control sites after two years of study (Day et al., 1994).

Long-term data

should be collected to determine if the wastewater affects the soil organic
matter.
The empirical conversion of soil organic C to soil organic matter is as
follow: %C x 1.724 = %OM (Nelson and Sommers, 1982). Organic C was
3.32 % in the treated site and 3.17 % in the control sites when averaged the
0-12 cm depth across the sampling times. The C/N ratios were calculated
as 6.25 in the treated site and 6.05 in the control site. The low C/N ratio of
2.2 in the wastewater did not decrease the C/N ratio in the treated site
compared to that in the control, but slightly increased it. This indicates that
denitrification may be the most significant pathway of wastewater N loss.
3.3.6. Soil P
3.3.6.1. Extractable P
In the treated site, extractable P concentrations were significantly
affected by the dates, depths and distances from the wastewater inlet (Fig.
3.5). Significantly higher Bray II extractable P was observed in the treated
site for all sampling dates compared to the control. This indicates that the
wastewater was adding P to the soil, even though the treated site had more
extractable P (Table 3.2) initially. Accumulation of P may be temporary due
to plant uptake of the easily available P being added by the wastewater. In
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Figure 3.5. Bray II P concentration changes as a function of (a) sampling
dates, (b) depths, (c) distances both in the control and the treated sites.
Means within each graph with the same letter are not significantly different
at p=0.05, as determined by Bonferroni’s pairwise comparisons.
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February 1993, extractable P (Fig. 3.5a) content was significantly higher than
any other sampling time in the control or treated sites. This was because
of less plant uptake during the winter season. Comparison of extractable P
contents between June 1992 and June 1994 showed that P concentration
increased significantly in the treated site after two years of application of
wastewater.

This increase was from 215.7 mg P/kg soil in June 1992 to

256.6 mg P/kg soil in June 1994. The net increase for extractable P in the
soil was about 41 mg P/kg soil in two years.
Profile distributions of extractable P are shown in Figure 3.5b.
Significant amounts of P were accumulated in all depths of the treated site
compared with the control.

In the treated site, the surface layer (0-2 cm

depth) accumulated the most. Pretreatment P concentrations were higher
in the treated area than the control (Table 3.2), however, after effluent
application, P concentrations were even greater.

In the control site, P

concentration increased with depth probably because of less plant uptake,
less organic matter and higher Ca, Al and Fe concentrations with depth.
Significant differences in extractable P with distance from the effluent
inlet were observed at the treated stations. The amount of extractable P
decreased as distance increased (Fig. 3.5c). The P from wastewater was
mostly deposited near the wastewater inlet (25 m). The vegetation in the
swamp may act as an effective filter either trapping P in the wastewater or
decreasing the flow rate allowing P to settle to the soil surface. There were
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significant differences between extractable P with distance in the control, but
there was not a definite trend with distance from the forest edge.
3.3.6.2. Characterization of P
To understand the processes of P accumulation in the sediment, a P
characterization was conducted in the surface organic layers (0-2 cm and 24 cm) at each sampling site. Figure 3.6 shows each P form compared to the
total P. Residual organic P accounted for about 50% to 60% of the total P,
followed by Fe- and Al-bond P (20% to 30%), NaOH-extractable organic P
(NaOH-P0) (10% to 20%), Ca-P (5%) and mobile P (<1%) for all depths.
Total P, NaOH-P0 and Ca-P decreased with distance in the treated
site (Table 3.4).

On the other hand, Fe- and Al-bond P increased with

distance. These data indicate that wastewater P was stored in the surface
of the sediment mainly as the forms of organic P and Ca-P. The increase
of Al- and Fe-bond P with distance was probably due to the decreasing pH
gradient with distance which will be discussed later (Table 3.6). More Ca-P
would form in the soil when pH is more than 7, and more Al-P and Fe- bond
P would form when pH is less than 6.5 (Lindsay, 1979). However, organic
bond P and Ca-P are referred to as short term storage since decomposition
and/or plant uptake would release the P. Long term storage or fixation of P
is in the forms of Al- and Fe-bond P.

Occluded Fe3+-P and Al-P are

probably not available to the plants (Patrick and Mahapatra, 1968). In the
reduced condition, Al is probably more important in P fixation than Fe,
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Figure 3.6. Distribution of residual organic P (RO-P), NaOH-extractable
organic P (OM-P), Fe- and Al-P, Ca-P, and mobile P with distances away
from the wastewater inlet in the: (a) treated site, and (b) control site.

because Fe3+ is reduced to Fe2+ and P will be released as more soluble
ferrous phosphate is formed.

Richardson (1985) reported that the

phosphorus adsorption potential in wetland ecosystems may be predicted
solely from the extractable aluminum content of the soil.
Table 3.4. Characterization of soil P in the treated swamp, data were
averaged from the 0-4 cm depth.
Distance (m)

Total P

NaOH-P

Ca-P

25
50
100

1430
1238
1092

mg/kg soil
324
98.6
127
56.8
100
46.5

Fe, Al-P
265
298
371

Further comparisons of NaOH-P0 and Ca-P at different depths and
distances in the study sites indicate that: (1) The concentration of NaOH-P0
in the surface (0-2 cm) was significantly higher than the 2-4 cm depth in the
treated site, and also higher than the control surface. The concentration of
Ca-P in the surface (0-2 cm) was similar to the 2-4 cm depth in the treated
site, but higher than the control surface. No differences were found for the
2-4 cm depth in the treated and the control sites (Fig. 3.7). Phosphorus was
concentrated within the 0-2 cm depth; (2) significant accumulation of NaOHP0 and Ca-P occurred only at the 25 m station (Fig. 3.8); (3) organically bond
P was greater than Ca-P. This indicates that large amounts of P were taken
up by plants and associated with the detrital material.

The NaOH-P0

includes microbial biomass P and some fraction of fulvic and humic acid
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Figure 3.7. Concentrations of (a) NaOH-P0, and (b) Ca-P measured at the
0-2 cm and 2-4 cm depths in the treated and the control sites. Means within
each graph with the same letter are not significantly different at p=0.05, as
determined by Bonferroni’s pairwise comparisons.
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significantly different at p=0.05, as determined by Bonferroni’s pairwise
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bond P (Bowman and Cole, 1978). The microbial P pool is a very active
part of the organic P (Davis, 1991) and it can take P from the surface water
despite high soil soluble P concentrations (Davis, 1982; Koch and Reddy,
1992). On the other hand, organically bond P is easily released from the
sediment into the water as compared to Ca-P.

The wastewater was

continuously supplying Ca2+ to the swamp, which would enhance the Ca-P
bonding capacity in the sediment.
3.3.7. Electrical Conductivity
The EC was relatively stable in the control site throughout the
sampling period (except for June 1994), having no trend with seasons (Fig.
3.9a). There were significantly higher EC values obtained in the treated site
than the control. This was expected because of the wastewater EC (Table
3.3). In the treated site EC values changed with the sampling time, with
relatively high values in February and December 1993.

These results

demonstrate that the wastewater was adding significant amounts of soluble
salts to the soil in the winter months when less plant uptalfe occurred.
These values were being reduced during the growing season by plant
uptake. In June 1994, EC values were less in the treated and the control
sites as compared with the same month of sampling in 1992.
There is an indication of an EC gradient from the 25 m to the 100 m
station in the treated site (Fig. 3.9b). Similar EC values were found at the
25 and 50 m stations. These EC values were significantly higher than those
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determined by Bonferroni's pairwise comparisons.
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at the 100 m station. This illustrates that soluble salts were accumulating in
the soil solution in greater quantities near the wastewater inlet than farther
away. Soluble salts in the control and treated sites decreased with depth
(Fig. 3.9c) as expected, since percolation is very slow due to the clay
texture. The EC values were significantly higher at each depth in the treated
site compared to the control. The 6-12 cm samples were approaching the
control values.
3.3.8. Water Soluble Elements
3.3.8.1. Ca, Mg, S and K
The trends in water soluble Ca, Mg and S concentrations were very
similar (Table 3.5). The concentrations of Ca, Mg and S were relatively
constant in the control site during each sampling time and the data showed
no significant variation with seasons (Table 3.5a).

However, seasonal

variation occurred in the treated site. High concentrations were obtained in
February 1993 in the treated site, which were significantly higher than the
control. No significant accumulations in the treated site were found in June
1994 compared with those in June 1992. Thus, these elements deposited
in the cool season were taken up by plants during the growing season.
Higher concentrations were observed for all three stations in the treated site
than the control (Table 3.5b). In the treated site, higher concentrations were
found near the wastewater inlet (25 and 50 m stations) compared to the 100
m station. The Ca, Mg and S were mainly deposited into the surface 0-2 cm
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Table 3.5. The mean concentrations as a function of (a) sampling date, (b)
distance away from the wastewater inlet and (c) depth in the sediment.
a.

Date

Ca

Mg

S

6/92
10/92
2/93
12/93
6/94
T reatment
6/92
10/92
2/93
12/93
6/94
b.

25
50
100
T reatment
25
50
100

Control

Cl

78c+
47d
85°
76c
40d

28b
17c
30b
24bc
12c

59c
29d
60c
48cd
30d

57c
35°
56c
61c
35B

66®
38'
67®
46f
42f

40d
35d
75c
66*
44d

63^
48d
334a
112b
66“ *

20c
17c
105a
33b
20c

58*
37d
351a
104b
71c

43d
36®
97a
74b
43d

105d
79®
287®
228b
139°

120b
88c
285®
274®
120b

68c
62°
65c

24c
21c
22c

45°
44°
46c

46c
48bc
52b

57d
51d
49d

49d
52d
56d

148®
137®
88b

46®
43®
29b

138®
147®
88b

60®
60®
55b

194®
172b
137°

202®
179b
150c

98b
71°
54cd
38d

34b
24°
18*
13d

IT
47d
33d®
23®

73b
51°
42d
31®

69®
54f
45f
41f

79d
57®
41 ®f
32f

256®
124b
75c
44d

77®
39b
25°
15d

276®
122b
66*
32®

96®
56°
47d
36®

313®
165b
121°
72d

325®
182b
134bc
68c

Distance(m)

Control

c.

Na

,1/mn/l/n
c n ih __
^uiy/rvy ouiij
——

/^muiiu
mnnth/uo9r\
i/yccti /
Control

K

Depth(cm)

0-2
2-4
4-6
6-12
Treatment
0-2
2-4
4-6
6-12

+ Numbers with the same letter in a column for each parameter are not
significantly different at p=0.05, according to Bonferroni’s pairwise
comparisons.
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and 2-4 cm depth (Table 3.5c). No differences were noted below the 4 cm
depth between the treated and the control site.
A similar trend for sampling dates was established for water soluble
K (Table 3.5a), with the highest concentration occurring in the cold months.
In the treated site, higher concentrations were observed near the inlet (25
and 50 m stations) than at the 100 m station (Table 3.5b). There was no
difference between the treated and the control sites at the 100 m stations.
A significant increase was observed in the surface 0-2 cm depth (Table
3.5c). There was no additional K accumulation below the 2 cm depth when
compared to the control. This indicates that the major K source was the leaf
litter.
The Ca, Mg, K and S concentrations all significantly decreased within
the control site based on the comparison between the June 1992 and June
1994 data. The reason is not clear, but probably because the control was
a "dying swamp" (nutrient deficient). However, after two years of wastewater
application, the Ca, Mg, K and S concentrations in the treated site were
statistically similar as compared with the June 1992 and June 1994 data
(Table 3.5a). This may be an indication that the wastewater could keep the
swamp sediment (nutrient sink) from being depleted.
3.3.8.2. Na and Cl
Significantly higher Na and Cl concentrations were obtained in the
treated site than the control for each sampling time (Table 3.5a).

In the
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treated site, Na and Cl concentrations changed with the sampling date.
Relatively high values were obtained in February and December 1993. In
June 1992, after three months of wastewater application, Na and Cl
concentrations were higher than those in the control. The concentrations
were higher at all sampling stations in the treated site than the control
stations (Table 3.5b).

In the treated site, there was a decreasing

concentration gradient with distance away from the wastewater inlet for both
Na and Cl, similar to most other elements and EC. Higher concentrations of
Na and Cl were also found at all depths of the profile in the treated site than
the control site (Table 3.5c), with the surface layer accumulating the most.
In June 1994, after two years of application of the wastewater,
however, there was no additional increase in the Cl concentration in the
treated site. Water soluble Na, on the other hand, increased from 105.4
mg/kg soil in June 1992 to 138.8 mg/kg soil in June 1994.

The Na

adsorption ratio (SAR) is an estimation of the exchangeable sodium in the
soil:
SAR = Na+/((Ca2* + Mg2+)/2)1'2

(3.1)

Where the ion concentrations are in milliequivalent. The SAR values
were 0.93 in June 1992, and 1.20 in June 1994.

This indicates that

exchangeable Na also increased after two years of the wastewater
application. The SAR value was still in the normal range for plant growth
(SAR < 4), but it may be a potential problem in the long term. Long term
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monitoring should be conducted. When SAR is above 13, soil structure in
general may be severely damaged. The upper soil pores will be filled with
lodged dispersed particles, and both air and water exchange into and out of
the soil will be reduced (Donahue et al., 1983).
3.3.9. pH
3.3.9.1. pH in water
Low pH values were observed in February 1993 for both the treated
and the control sites probably due to high organic matter contribution during
that month (Table 3.6). The pH values measured in June 1994 were not
statistically higher than those measured in June 1992. Significantly higher
pH values occurred at all stations in the treated site than the control. There
was a decreasing pH gradient with distances from the inlet. The pH in the
top 6 cm was significantly higher in the treated site compared with the
control for the same depths. This increased pH was probably caused by the
continual addition of hydroxides with soluble bases (K, Ca, Na, Mg) in the
wastewater.
3.3.9.2. pH in 0.01 M CaCI2 and 1 N KCI
Both neutral salt pH values had similar trends. These pH values are
lower than HzO pH values, because they measure a portion of the
exchangeable H+. The KCI pH value is lower than the CaCI2 due to the
concentration of the neutral salts relative to each other.
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Table 3.6. Measurements of soil pH in water, 0.01 M CaCI2 and 1 N KCI as
a function of sampling time, distance and depth.
Sampling date
(month/year)
Control

6/92
10/92
2/93
12/93
6/94
T reatment
6/92
10/92
2/93
12/93
6/94

h 2o

pH
CaCI2

KCI

5.60c+
5.59c
5.14d
5.82°
5.90Hb

4.92d
5.00c
4.90d
5.01c
5.17b

4.59d
4.72d
4.65d
4.94c
4.66d

6.00ab
5.96ab
5.73b
6.32a
6.48a

5.09°
5.29b
5.33b
5.90a
5.56a

4.91°
s.os1*
5.06bc
5.41a
5.29b

5.57d
5.43d
5.56d

4.93d
5.04c
5.01°

4.57d
4.79°
4.78c

6.17a
6.00b
5.94c

5.40a
5.408
5.28b

5.21a
5.19a
4.96b

5.39c
5.34c
5.58b
6.02a

4.84d
4.95c
5.04bc
5.20b

4.66°
4.67°
4.71c
4.76°

5.96a
5.99a
5.97a
6.24a

5.34a
5.37a
5.33“
5.38“

5.26“
5.14“b
5.06ab
5.00b

Distance (m)
Control

25
50
100
T reatment
25
50
100
Depth (cm)
Control

0-2
2-4
4-6
6-12
Treatment
0-2
2-4
4-6
6-12

f Number with the same letter in a column is not significantly different at
p=0.05 according to Bonferroni’s pairwise comparisons.
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Significantly higher pH's were obtained in the treated site than the
control for all sampling dates. The pH’s increased significantly after two
years of application of wastewater in the treated site. This illustrates that the
wastewater had a liming effect (Table 3.6). The pH values increased with
depth and distance from effluent inlet compared to the control. In the treated
site, pH values at the 25 and 50 m stations were higher than the 100 m
station. Again, the increases of pH values were caused by the continual
addition of hydroxides with soluble bases (K, Ca, Na, Mg) in the wastewater.
The increased soil pH brought the pH value to near neutral, which
was probably beneficial for soil biological reactions and plant uptake. In the
flooded condition, pH values generally remain close to 7.0.
3.3.10. DTPA Extractable Elements
There were no differences of DTPA extractable Fe, Mn, Ni, Cr, Cd
and Pb in the treated and control sites. Both Zn and Cu were higher in the
surface 0-2 cm in the treated site compared to the control (Fig. 3.10 and
3.11a). However, DTPA extractable Zn and Cu were higher in the treated
site than the control before the application of the wastewater (Table 3.2). No
concentration gradients occurred with increasing distance from the effluent
inlet, or with sampling date. The concentration of Cu increased both in the
treated and the control sites when the June 1992 and June 1994 data are
compared

(Fig. 3.11b).

Since both sites increased,

this

increase
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Figure 3.11. Mean concentrations of DTPA extractable Cu as a function of
the (a) depth, and (b) sampling date in the treated and control sites. Means
within each graph with the same letter are not significantly different at
p=0.05, as determined by Bonferroni's pairwise comparisons.
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demonstrates that the increased amounts of Cu and Zn were probably not
from the wastewater addition.
3.3.11. Vertical Accretion Rates of Nutrients
Sedimentation rate using feldspar as a marker shows that the treated
site was accreting at a rate of 11.4 mm/yr, and the control site was accreting
at 1.41 mm/yr from October 1991 to August 1994. However, prior to the
wastewater application, there were no significant difference of accretion rates
in the treated (7.8 mm/yr) and the control (5.2 mm/yr) sites (J.M. Rybczyk,
Coastal Ecology Institute, LSU, 1995, personal communication). These data
indicate that wastewater discharge increased the sedimentation rate in the
swamp.

Soil bulk density for the 0-4 cm depth was 0.129 g/cm3 (J.M.

Rybczyk, Coastal Ecology Institute, LSU, 1995, personal communication).
Nutrient accretion rates were calculated using sedimentation rate, total
nutrient content in the soil and soil bulk density (Hatton et al. 1983). Total
nutrient contents were averaged from the three sampling stations in each
swamp. Mean nutrient contents of profiles and accretion rates are shown
in Table 3.7.
Total elemental concentrations of these parameters were similar in the
treated and the control sites in June 1994, however, accretion rates were
quite different due to different sedimentation rates in both sites (Table 3.7).
More nutrients were stored in the treated site than the control site.

The

stored nutrients could be reused by plants or microbes, but part of the

105
nutrients would be eventually buried to the deep sediments through
sedimentation-subsidence. Large amounts of Al and Fe and relatively small
amounts of P were stored in the sediment (Table 3.7). This indicates that
the sediment has a potential to store high amounts of P as Al-P and Fe-P
in the sediment, which may increase the life the swamp as wastewater
treatment system.
Table 3.7. Total elemental contents in the soil (0-4 cm depth) and accretion
rates. Soil samples were collected in June 1994.

N
C
P
S
Ca
Mg
K
Na
Fe
Al
Mn
Zn
Cu
Cd
Ni
Pb
Co
Cr
As

-----mg/g soil-------6.20
34.10
1.26
1.96
6.81
9.27
16.20
2.01
34.29
82.47
0.33
0.163
0.042
0.013
0.032
0.214
0.017
0.081
0.133

7.28
50.45
1.84
2.91
11.16
13.26
24.26
4.06
50.51
114.88
0.51
0.25
0.07
0.02
0.08
0.23
0.03
0.17
0.19

4.95
34.32
1.25
1.98
7.59
9.02
16.50
2.76
34.36
78.15
0.35
0.170
0.045
0.014
0.055
0.158
0.018
0.114
0.131

3ro

Accretion Rate
Treatment Control
CD

Concentration
Treatment Control

I
I
I
I
I
I
I
I
I

Element

yr-—
1.13
6.20
0.23
0.36
1.24
1.69
2.95
0.37
6.24
15.00
0.06
0.03
0.01
0.002
0.006
0.04
0.003
0.02
0.02
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Nutrient accretion rates depended on the time of the year the soil was
sampled. Nutrient concentrations in the soil varied with season as discussed
earlier. Higher nutrient concentrations were generally observed in the cool
season than in the growing season. Therefore, the calculations based on
the nutrient contents in cooler months would result in a higher nutrient
accretion rate than one calculated using data obtained in warmer months.
I would suggest using the yearly average nutrient contents to calculate the
nutrient accretion rates.
3.4. SUMMARY AND CONCLUSIONS
Seasonal accumulations of total soil N, organic matter, P and water
soluble salts occurred in the swamp sediment with the highest accumulation
occurring in the winter.

It is suggested that the sediment act as a more

effective sink for wastewater nutrients during the winter season.

As

compared June 1992 to June 1994 sample analyses, no accumulations of
total soil N, organic matter, Ca, Mg, S, K and Cl were observed after two
years of wastewater application. Wastewater increased soil P, pH (in KCI
and CaCI2) and Na.
Most of the P in the swamp sediment was associated with organic
material. Wastewater P was mainly stored as the forms of organic P and
Ca-P. They were mainly concentrated within the 0-2 cm depth at the 25 m
station. With the continued supply of Ca from the wastewater, the inorganic
P bonding capacity would also be enhanced. These two forms are referred
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to as short-term storage, it could be saturated with time.

However,

wastewater discharge increased the sedimentation rate in the swamp, more
nutrients were stored in the treated swamp than in the control.

These

nutrients would be either used by plants and microbes or buried to the deep
sediments through sedimentation-subsidence.

Based on the two-year

monitoring data, it is assumed that the swamp system should assimilate P
for a long time. Further study on the P capacity in this swamp soil should
be conducted in order to estimate how long the swamp can assimilate P.
Also, wastewater P loading should be regulated by the P accretion rate.
Nutrient loss (Ca, Mg, S and K) was found in the control swamp.
However, wastewater was benificial to the swamp soil nutrient sink.

It

buffered the swamp sediment from continued nutrient loss.
There were no potential detrimental loadings of trace metals to the soil
after two years of the wastewater application, even though Cu and Zn in the
wastewater were detectable and present in very low concentrations.
Swamp sediment could be more efficient for wastewater treatment by
increasing wastewater retention time.

This can be achieved by: (1)

alternating "control" and "treated" swamps as treatment media so that the
swamp can be recovered quickly and have longer life; (2) planting swamp
forests so that more nutrients will be taken up and higher sedimentation rate
will be achieved.

CHAPTER 4
CHEMICAL COMPOSITION OF DUCKWEED IN A SWAMP RECEIVING
SECONDARILY TREATED MUNICIPAL WASTEWATER
4.1. INTRODUCTION
It has been well documented that wetlands have the ability to remove
large amounts of nutrients from flow-through water (Ewel and Odum, 1984).
Removal of nutrients is achieved by a variety of processes such as
adsorption,
denitrification.

precipitation,

sedimentation,

biological

assimilation

and

Plant uptake plays an important role in nutrient removal.

Floating macrophytes such as duckweed (Lemnaceae) respond to nutrients
in the water column faster than rooted plants because they assimilate
nutrients directly from the water column. Therefore, they are one of the most
important factors in remediating water quality in the wetland system (Reddy
and Smith, 1987).

Johengen and LaRock (1993) conducted mesocosm

enrichment experiments to quantify nutrient removal rates for various
ecological components (duckweed, sediment and plankton). They found that
duckweed had the highest nutrient removal rate as compared to sediment
or a water column.
The city of Thibodaux, LA has been discharging secondarily treated
municipal wastewater to the Pointe-au-Chene swamp as part of a water
remediation system since March 1992. The swamp has been very effective
in removing nutrients from the wastewater. The percentages of load
reduction were 100% for N 03-N, 69% for TKN and 66% for total P (Chapter
108
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2). It was noticed that after introduction of the wastewater to the swamp,
duckweed rapidly covered the entire water surface. An apparent question
was: Could duckweed purify the wastewater in this swamp? If yes, what,
why, how and when can duckweed purify? It is obvious that duckweed is a
better target to answer what are the "effects of the wastewater on plants" in
a short period of time rather than observing and measuring the forests,
which is a long-term effect. Because duckweed responds to the nutrients
from the wastewater much faster than forests, duckweed could be evaluated
as a remediating plant in a short-term study period.
Duckweed is the common name of floating aquatic plants in the family
Lemnaceae.

It is a small (only a few millimeters across), green plant with

flattened leaves called fronds and a short root. A small cell in the frond
divides and produces a new frond (Zirschky and Reed, 1988). It has been
considered as the most suitable aquatic plant for wastewater treatment
(Dinges, 1982).

Duckweed has several advantages over other aquatic

plants as a wastewater purifier.

(1) It can grow under a wide range of

climatic conditions and is more cold tolerant than most other aquatic plants
(Leslie 1983). (2) It has a fast reproduction rate. Biomass doubling time
ranges from 1 to 5.3 days. Each frond can reproduce 10 to 20 other fronds
during its life cycle (Dinges, 1982). A mean life expectancy for duckweed
fronds is about 34 days in natural conditions (Hossell and Baker, 1979). (3)
Mat formation as a result of fast reproduction covers the water surface and

stops algal growth by restricting light penetration. This may prevent a high
total suspend solids (TSS) problem that often occurs in a conventional
lagoon. (4) Duckweed can assimilate high amounts of N and P, as well as
heavy metals. Logsdon (1989) reported that an acre of duckweed growing
on wastewater can absorb as much as 2 tons of N and 318 Kg of P. High
bioaccumulation of metals is enough to make duckweed practical to treat
landfill leachates and highly polluted industrial waste streams. Price (1975)
concluded that duckweed took up nearly one-half of the applied N, 2/3 of the
applied P, and nearly all of the heavy metals.

Finally, (5) in terms of dry

organic matter production, duckweed grows as much during the night as
during the day (Mestayer et al. 1984). Photosynthesis is a major mechanism
of growing during the day time. The source of energy for growing at night
is obtained by direct uptake of organic molecules in axenic culture (Hillman
and Culley, 1978).

This heterotrophic property enhances survival of the

fronds in the absence of light and maximizes the production rate and/or
wastewater removal efficiency. On the other hand, duckweed is a primary
producer. It enriches the swamp by providing an energy source for microbial
processes through photosynthesis.
The wastewater removal efficiency by duckweed depends on many
factors. They are: 1) nutrient status in the wastewater and the duckweed;
2) temperature; 3) wind; 4) competition with other biological reactions such
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as denitrification and rooted plant uptake in a wetland; 5) light; and 6)
harvesting.
The objectives of this study were to determine the response (physical
morphology and chemical composition) of duckweed to the wastewater with
time and distance from the inlet.

These were accomplished by: 1) the

comparison of the duckweed in a swamp receiving secondarily treated
municipal wastewater with the duckweed that was not influenced by the
wastewater; and 2) the determination of the relationship between chemical
compositions of the duckweed and the water quality.
4.2. MATERIALS AND METHODS
4.2.1. Site Description
The study area has been described'by Day et al. (1994) as follow:
The Pointe-au-Chene Swamp lies on the backslope of the abandoned
Bayou Lafourche distributary approximately 10 Km southwest of Thibodaux,
LA (Fig. 4.1). The study site consists of two almost continuously flooded
forested wetlands within a 1425 ha hydrologically restricted basin separated
by a hardwood bottomland ridge. The only significant input of water to the
swamp is via precipitation.

The ridge site, running from northeast to

southwest (mean elevation = 1.16 m above MSL) is approximately 300 m
wide and is vegetated primarily with oaks (Quercus nigra and O. nuttallii),
sweetgum (Liquidambar styraciflua), American elm (Ulmus americana),
palmetto ( Sabal minor) and boxetder (Acer negundo). The forested wetlands
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Figure 4.1. Map of Thibodaux, LA, showing the location of the treated and
the control sites within Pointe-au-Chene Swamp. BLH are bottomland
hardwood ridges (Day et al., 1994)
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on either side of the ridge (mean elevation = 0.76 m above MSL) are
dominated by ash (Fraxinus pennsylvanica), black willow (Safix nigra),
baldcypress ( Taxodium distichum), water tupelo (Nyssa aquatica), red maple
(Acer rubrum ) and palmetto ( Sabal minor).

The subtropical climatic conditions in the region are determined
largely by the location (latitude 29°) and proximity to the Gulf of Mexico. The
mean annual air temperature is 20.6 °C, ranging from 13.0 °C in January to
27.5 °C in July.
Since March 1992, the 231 ha forested wetland site on the west side
of the ridge has received secondarily treated municipal wastewater.

The

sewage treatment plant lies approximately 2520 m from this swamp.
Wastewater is discharged from 40 pipe risers located on a 610 m long spoil
bank that serves as the northern boundary of the site (Fig. 4.1). The effluent
flows across a concrete cascade, through a none vegetated area (Pond) to
the forested swamp. It then flows southward, between the ridge on the east
and an oil access road on the west. The treated effluent exits at a point
where these two features nearly meet. Water exits the confined wetland into
a larger swamp before it finally empties into the Terrebonne-Lafourche
Drainage Canal.

The combination of ridge, spoil bank and access road,

hydrologically isolates the treatment swamp from the rest of the 1425 ha
basin. The swamp on the eastern side of the ridge is referred to as the
control site and is not influenced by the effluent.
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4.2.2. Experimental Design and Field Methods
A series of permanent study plots were established in the treated and
the control sites for water and duckweed samplings (Table 4.1). Triplicate
water samples at Pond, T25, T50, T100, C25, C50 and C100 stations were
collected monthly from March 1992 through March 1994, and June and
October 1994. Duplicate duckweed samples were collected in September,
November, December 1993 and January and June 1994 at the above
stations.
Table 4.1. Water and duckweed sampling stations.
Sampling Station
Treatment
Pond
T25
T50
T100
T200
T400
T600
T800
T1000
T1200
T1400
T1600
Control
C25
C50
C100

Site Description
open area near the wastewater inlet
25 m into the forest1
50 m into the forest
100 m into the forest
200 m into the forest
400 m into the forest
600 m into the forest
800 m into the forest
1000 m into the forest
1200 m into the forest
1400 m into the forest
1600 m into the forest
25 m into the forest
50 m into the forest
100 m into the forest

f Distance was measured from the forest edge beyond the pond.
In addition, nine transects, with permanent sampling stations marked
every 200 m from Pond to T1600, were established in the treated site to
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determine if duckweed nutrient contents were affected by the distance from
the wastewater inlet. Duplicate water and duckweed samples were collected
along these transects in January, June and October 1994.
4.2.3. Water Nutrient Analyses
4.2.3.1. Anions
Samples were obtained in 500 mL acid-washed polyethylene bottles,
stored on ice and taken to the laboratory for analyses.

Samples were

filtered using 0.45 urn millipore filters. The concentrations of N 0 3-N, S 0 4-S,
and P 04-P were determined by ion chromatography (IC) with a Dionex IC
(Model 2010i).
4.2.3.2. Elements
For analyses of K, Ca, Na, Mg, Fe, Mn, Ni, Al, Cd, Cu, As, B, Pb, Zn,
P, S, Cr and Co, water samples were collected in 50 mL acid-washed
polyethylene bottles, acidified on site with concentrated H N 03 to pH 2 for
sample preservation, and stored on ice until analyses.
Each sample was filtered using a 0.45 um millipore filter before
analysis employing an inductively coupled plasma quantometer (ICP),
i

Applied Research Laboratories, Model 34,000.
4.2.4. Duckweed Elemental Analyses
Duckweed samples were collected with a screened cup, pressed
gently to remove excess water, and stored in sealable plastic bags. The
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unwashed duckweed samples were oven dried at 70 °C for 2 days and
ground in a Wiley mill through a 40 mesh screen.
4.2.4.1. Elemental Analyses
Duplicate 0.5 g samples were digested in concentrated HN03 for a
minimum of 2 hours at 120 °C. These samples were filtered using Whatman
42 filter paper, diluted to 50 mL before measurement with an ICP (Feagley
et al., 1994).
4.2.4.2. Total N
Analyses were performed by the Louisiana Feed and Fertilizer Lab,
using the standard Kjeldahl Method (Nelson and Sommers, 1973).
4.2.5. Data Analyses
For all water quality parameters and duckweed data, a repeated
measures analysis of variance was performed using a General Linear
Models Procedure with factors of location and time (SAS, 1988). The null
hypothesis was that there were no differences at each sampling location and
at each time of the sampling. Tests of hypotheses were performed with a
level of significance p=0.05.
4.3. RESULTS AND DISCUSSIONS
4.3.1. Morphologic Characteristics of Duckweed Comparing the Control and
Treated Sites
In the control site, only a few duckweed plants were observed on the
surface of the water. The percentage of duckweed coverage was only 530%. The duckweed was characterized with a 2 to 3 cm long root, and the
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lemna fronds were yellowish green and thin. These are the signs of nutrient
deficiency for duckweed (Wangermann and Lacey, 1955). The morphology
of the duckweed indicates that the nutrient status in the control site was not
sufficient for adequate growth and reproduction of duckweed.
After the introduction of the wastewater to the treated site, the
percentage of the duckweed coverage increased to 90-100% throughout the
year. Thus, this coverage of duckweed biomass enabled the removal of
large quantities of nutrients throughout the year. The Lemna fronds were
greener and thicker than the ones found in the control site. The roots were
much shorter than those in the control, averaging from several millimeters
to 1 cm. There were no visual morphological differences along the transect
from the pond station to the 1600 m station. However, the percent cover
was obviously less in the pond. The less coverage was probably due to the
wind. The pond was an open area where there were no trees. Because
duckweed is light weight, even a small breeze can blow it to the sides of the
pond.
There were fewer mosquitos in the treated area than the control. The
presence of the duckweed mat played an important role in suppressing
mosquito reproduction. Zirschky and Reed (1988) point out that anaerobic
conditions in the water column may occur because poor surface aeration
and very low 0 2 production by the small plants. The mosquito larvae could
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not get enough 0 2 from the water-air interface due to the thick duckweed
coverage in the treated site.
4.3.2. Nutrient Comparisons between the Treated and Control Sites
Within the first 100 m from the wastewater inlet, the mean
concentrations of N, P, S, K, Ca, Na, B and Zn in the duckweed were higher
than the control counterpart (Table 4.2). These data suggested that when
duckweed grew in nutrient-rich water, their nutrient content increased,
indicating that the duckweed responded favorably to the nutrients in the
wastewater.
Table 4.2. Mean elemental concentrations in the water (n=24) and duckweed
(n=6), averaged from the 25, 50 and 100 m stations.
Element

Water
Treatment Control
mg/L

N
P
S
K
Ca
Mg
Na
Fe
Al
Mn
B

6.9
2.2
10.9
8.1
57.0
17.0
51.5
0.8
0.3
0.3
0.1

0.8
0.3
0.8
3.9
9.8
3.5
5.5
1.2
0.1
0.2
<0.0137

Cu
Zn
Cd
Ni
Pb
Co

<0.0035
0.023
<0.0054
<0.025
<0.0866
<0.0165

<0.0035
0.013
<0.0054
<0.025
<0.0866
<0.0165

Duckweed
Treatment Control
—g/100g dry weight—
3.79
2.06
0.94
0.45
0.53
0.28
2.59
1.69
3.09
1.55
0.34
0.38
0.36
0.12
0.14
0.83
0.11
0.26
0.24
0.38
0.08
0.04
—mg/Kg dry weight13.36
10.09
64.07
49.61
0.23
2.37
39.58
42.59
14.86
16.84
2.84
10.69

Within 100 m from the wastewater inlet, the mean concentrations of
nutrients in the duckweed for the treated site were approximately twice those
of the control site for N, P, K and S (Table 4.2). In the control site, the N/P
ratio was 2.7 in the swamp water, and 4.6 in the duckweed. This indicates
that N could be the limiting factor for duckweed growth in the control. When
N is limited in the water column, duckweed probably gets N by N2-fixation.
Zuberer (1982)

reported

that

N2-fixing

heterotrophic

bacteria

and

cyanobacteria were attached to the duckweed mats. He estimated that 15
to 20% of the duckweed’s N requirement could be supplied through
biological N2-fixation. In the treated site, the N/P ratio was 3.1 in the swamp
water, and 4.0 in the duckweed. The difference of N/P ratios between the
swamp water and the duckweed was less in the treated swamp than the
control. This indicates that N status was better for duckweed growing near
the wastewater inlet.

The processes of N uptake by duckweed and

denitrification may happen at the same time, because of possible anaerobic
conditions in the water column that resulted from a thick duckweed mat.
Microbes and duckweed competed for available nutrients from the water
column.
The concentrations of NOa-N, P 04-P, S 04-S, K, Mg and Ca in the
treated swamp water were higher than the control swamp water (Fig. 4.2
and 4.3).

The mean duckweed concentrations of N, P, S and K in the

treated site exceeded that in the control site (Fig. 4.4 and Fig. 4.5). High
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duckweed concentrations of N, P, K and S were found in March 1994
(Fig.4.4-4.5). The mean life expectancy for duckweed fronds is about one
month in natural conditions. Therefore, duckweed nutrient concentrations
reported for the March sampling were the results of the uptake in February
and March 1994.

High P concentration in the swamp water reported for

February 1994 could increase duckweed growth (Fig. 4.2b). Thus, more N,
P, K and S were assimilated from the water.

Low temperatures during

winter months does not significantly reduce duckweed growth because
duckweed has a wide range of temperature tolerance.

However, the

metabolism of trees is much lower in the cold season than in the warm
season. Duckweed did not have much competition from trees during winter
- season. Thus, the duckweed nutrient content was high in the early spring.
The evidence that the concentrations of N and P in the water column were
low in March indicates that both duckweed and trees began to utilize
nutrients with the onset of spring. Low duckweed Ca concentrations were
observed after December 1993 in the treated site (Fig. 4.6a). This may be
caused from trees’ competition because of a high Ca demand during the
growing season.
A significantly higher swamp water Mg concentration was observed in
the treated site than in the control (Fig. 4.3b), but no significantly different
duckweed Mg content was observed between the treated and the control
sites (Fig. 4.6b). It is not surprising that duckweed did not respond to the
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high wastewater Mg concentration.

This is because Mg is a principle

component of chlorophyll (Mengel and Kirkby, 1978).

The amount of

chlorophyll is generally constant within species. Therefore, the demand for
Mg was limited. Culley and Epps (1973) also found that Mg concentration
of duckweed growing in natural waters was similar to those growing in
wastewater effluent.
Duckweed Fe content was always higher in the control site than in the
treated site (Fig. 4.7a). The Fe difference was not directly related to the
swamp water Fe concentration (Fig. 4.7b). The lower availability of Fe in the
treated site was probably due to chelation of Fe with organic matter
associated with the wastewater. Similar trends were also found for Al, Mn
and Cd.
The duckweed biomass was not measured during the study period.
If it had been measured, the amount of nutrient uptaken by duckweed in the
treated site would have been much higher than that obtained from the
control.

This is because of the differences of duckweed coverage and

thickness in these two sites.
4.3.3. Nutrient Comparisons along the Transect in the Treated Site
The swamp water concentrations of N 03-N, P 04-P, S, K, Mg and Ca
along the transect are shown in Figures 4.8 and 4.9. These data show that
most of the measured concentrations decreased with distance. This indicates
that wastewater nutrients have been assimilated into the wetland system.
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They may be taken up by duckweed or trees, adsorbed by soil, immobilized
by microbes, lost by denitrification or diluted. The concentrations of most of
these parameters except K, was lower in June 1994 than January or
October.

This was due to the lower input from wastewater, and a more

actively growing season.

It also indicates that K in the swamp must be

sufficient for plants.
The duckweed nutrient concentrations of N, P, S, K, Mg and Ca along
the transect are shown in Fig. 4.10 and 4.11. Significantly higher N, P, S
and K concentrations were found at the 200 m station than those in the
pond. This finding agrees with the difference in duckweed biomass between
the pond and the stations within the forested swamp. The better duckweed
growth within the forested swamp than in the pond was probably a result of
less wind inside the forested swamp.
The dramatic disappearance of N 0 3-N from the water column (Fig.
4.8a) was attributed to duckweed uptake, microbes assimilation, and/or
denitrification.

In fact, the slight N decrease in the duckweed along the

transect (Fig. 4.10a) indicates that duckweed N uptake is not the primary
N 03-N sink.

Denitrification was probably more important than the other

pathways. Higher duckweed N content was obtained for January 1994 than
for June and October, 1994. Duckweed was more cold tolerant than other
plants and was able to continue growing with cooler temperatures.
Relatively more N was available to the duckweed in the water column during
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the cold season than in the warm season because of the less competition
from other plants and a lower rate of denitrification.

A significant

concentration gradient was found from the 200 m station to the 1600 m
station in January, whereas no overall significant concentration gradient was
observed in June or October.

This indicates that the duckweed had a

relatively higher response to N 0 3-N in the water column in the cool season
than in the warm seasons.
During January 1994, the duckweed P content dramatically decreased
between 200 m and 800 m, and then became relatively stable (Fig. 4.10b).
This reflects the trend of N 0 3-N in the water column at that time (Fig. 4.8a).
Duckweed P absorption was limited by water column N content.

The

duckweed Mg content was not affected by the water Mg concentration with
distance.

Similar Ca concentrations were in the water column during

January and October (Fig. 4.9c). However, a lower duckweed Ca content
was obtained in January than in October (Fig. 4.11c). This is probably a
temperature effect on duckweed growth.
The duckweed nutrient concentrations (Fig. 4.10 and 4.11) decreased
much less with distance than the nutrient concentrations decreased in the
swamp water (Fig. 4.8 and 4.9). This is because the swamp water nutrient
levels met the duckweed requirements within the 1600 m distance. This also
indicates that duckweed uptake was not the only process involved in the
nutrient removal from the water column. Denitrification, soil adsorption and
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rooted plant uptake could be also important for water column nutrient
removal.

At 1600 m, the duckweed concentrations of N, P, and S were

higher than the duckweed concentration in the control. We assume that the
duckweed nutrient contents would decrease or be similar to the control if we
had sampled far beyond 1600 m.
The duckweed nutrient uptake was not a completely permanent
removal of nutrients within the wetland. They will be returned to the aquatic
environment as part of the organic layer in the sediment floor after the
duckweed dies. Part of the nutrients in the decayed duckweed will become
slowly available to the rooted plants or release to the water column by the
mineralization process, and part of the nutrients will be buried into the deep
sediment through the sedimentation process.

The rate of duckweed

mineralization should be quicker than the other plants because duckweed
has a very short life cycle and a very large surface area available to the
microbes.
4.3.4. Uptake of Zn and Cu near the Wastewater Inlet
The concentrations of most trace metals (Cu, Cr, Zn, Pb, Co, Ni, As,
and Cd) in the wastewater inlet and the swamp water were very low or less
than the detection limit.

The detection limits were 0.0035 mg/L for Cu,

0.0078 mg/L for Cr, 0.0046 mg/L for Zn, 0.0866 mg/L for Pb, 0.0165 mg/L
for Co, 0.025 mg/L for Ni, 0.0647 mg/L for As, and 0.0054 mg/L for Cd. No
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significant differences of the trace metal contents in duckweed were found
at different sampling stations in the treated site except for Zn and Cu.
Zinc and Cu were the only two trace metals that had mean values
above the detection limits in the water column over the two-year monitoring
(Chapter 2), but the concentrations were very low. Mean concentrations
were 0.046 mg/L for Zn and 0.006 mg/L for Cu.

Significantly higher

duckweed concentrations of Zn and Cu were found in the pond than for all
other sampling stations in the treated site (Fig. 4.12 and 4.13).

The

duckweed Zn and Cu contents within the forested swamp decreased more
than half compared with that at the pond.

These data suggest that

duckweed was capable of assimilating Zn and Cu quickly. Jain et al. (1989)
reported that when duckweed grew at a constant 1.0 mg/L Cu-enriched
solution, it accumulated 152 ug/g Cu (dry matter) from day one of the
experiment to 979 ug/g Cu (dry matter) after 14 days of the experiment
without affecting its growth.
4.4. SUMMARY AND CONCLUSIONS
One of the advantages of application of the treated municipal
wastewater to the swamp was that it stimulated the duckweed growth.
Duckweed took up large quantities of nutrients from the wastewater.
Duckweed concentrations of N, P, S, K, Ca, Na and B were higher than
duckweed growing in the control swamp. The uptake rate was dependent on
the temperature, effluent load, and the competitions with processes such as
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rooted plant uptake and denitrification.

Duckweed had a relatively higher

response to N in the water in the cool season than the warm season.
Magnesium was not accumulated by the duckweed even though high
amounts of Mg were in the water column.
Duckweed macronutrient contents did not decrease significantly with
distance. This indicates that although the nutrient concentration in the water
decreased with distance, there were sufficient nutrients in the water to satisfy
the duckweed's requirement. Other processes such as denitrification, soil
adsorption, assimilation by microbes and rooted plant uptake were also very
important in nutrient removal from the swamp water.
Trace metals were not a problem in this study because of very low
input.

However, duckweed had a tendency to be a metal scavenger, as

demonstrated by the uptake of Zn and Cu in the pond as compared to
apparent normal concentrations at the 25, 50 and 100 m station. Therefore,
if the duckweed is going to be harvested and used for an animal feed, then
the metals should be closely monitored.

CHAPTER 5
FACTORS AFFECTING NITRATE DEPLETION - ORGANIC CARBON
SOURCE AND SPECIES CHANGE OF AQUATIC PLANTS
5.1.INTRODUCTION
The city of Thibodaux, LA has been discharging secondarily treated
municipal wastewater into the Pointe-au-Chene swamp as a part of its
treatment system for tertiary wastewater treatment since March 1992.
Wastewater with high N 03-N has been discharged into the swamp (water
depth ranges from 20 to 40 cm). Water quality monitoring data indicate that
the N 0 3-N concentration significantly decreased along the wastewater
pathway from the wastewater inlet to the swamp outflow (Fig. 5.1). These
data suggest that the swamp system has a high N 0 3-N removal efficiency.
This conclusion was based on only two years of wastewater
application and monitoring. To predict whether this swamp can continue to
serve as a sink for N for an extended period of time, the mechanisms of N
depletion should be studied.

In 0 2-deficient environments, like a swamp,

denitrification, plant uptake, microbial immobilization and physical dilution are
probably the most important mechanisms of N removal from water column.
I have shown that physical dilution was not a main process for N 03-N
removal with distance away from the wastewater inlet (Chapter 2). Other
processes played important roles for NOa-N depletion. Plant uptake was one
of the most important fates of N removal from wastewater.

Trees and

aquatic plants, especially duckweed ( Lemnaceae) were very effective in N
139

140

16

Jun.94 —h — Oct.94

14

N03-N (mg/L)

12
10

0

200

400 600 800 1000 1200 1400 1600
Distance From Inlet (m)

Figure 5.1. Mean concentrations of N 03-N, measured along the transect
from the wastewater inlet to the outflow.

removal via biological uptake.

Duckweed assimilated N directly from the

water column and keeps the N in the system and available for other
vegetation uptake after mineralization. Duckweed, with significantly higher
total N, was found in the treatment swamp compared to the control swamp
(Chapter 4). It was noticed that duckweed was gradually replaced by water
fern (Salvinia Sp.) from the wastewater inlet towards the swamp.

By

October 1994, water fern had become the dominant floating plant from the
inlet to 200 m into the swamp.

The reason for this invasion is not quite

clear. Water fern might be simply transferred by birds from a water fern
enriched environment to this swamp because it also reproduces fast like
duckweed.

Water fern's biomass doubling time can be four days under

favorable growing conditions (Harley, 1977). It has a similar structure as
duckweed, but is larger in size. Water fern and duckweed share the same
habitat, show similar physical adaptations and have similar maximum growth
rates (Bieleski and Lauchli, 1992). O’Connor and Priman (Dinges, 1982),
using water fern to remediate effluent in Australia, found that there was no
decrease of total N and only a slightly reduction of P in the effluent passing
through the water fern.
Nitrogen assimilation is the process by which N is taken up by
organisms and used in synthesis of amino acids (assimilatory reduction).
Due to the incorporation of N into cellular materials, this process depends
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on microbial growth. Subsequently, the assimilation is directly related to the
availability of substrate C.
Denitrification is an important mechanism related to the ability of
wetlands to act as a nutrient sink. However, adequate assessments of the
importance of this process to the use of natural wetlands for tertiary
wastewater treatment are limited (Godfrey et al., 1985).

The rate of

denitrification is controlled by Oz concentration, moisture, temperature, Cand
other energy sources, substrate availability (nitrate and nitrite), gas diffusion
rates, pathways of diffusion, pH and Eh (Payne, 1981; Firestone, 1982).
Prior to the introduction of wastewater, the baseline study showed that the
denitrification was limited by the supply of N 0 3-N (Boustany and Twilley,
1994). After application of a continuous supply of wastewater containing 10
mg/L N 03-N, the availability of N 03-N should not inhibit denitrification near
the inlet.
As most denitrifying bacteria are facultative anaerobic heterotrophs,
the availability of energy reserved in organic compounds is an extremely
important parameter that influences microbial denitrification (Knowles, 1982).
Some researchers (Duff et al., 1984; Slater and Capone, 1987; Boar et al.,
1993) have found that metabolizable C levels of soil organic matter were
inadequate to support sufficient denitrification to reduce pollution by N in
some wetlands.

In many denitrification studies, pure C substrate such as

glucose is often added and a strict anaerobic condition imposed to induce
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rapid denitrification.

However, this has provided limited information useful

for interpreting the relationship between C availability and denitrifier activity
under field conditions.
The overall objectives of this study were: 1) to determine the influence
of C availability in the effluent and the swamp to support N removal through
microbiological processes; and 2) to evaluate the ability of water fern to
remove N. Such information will be useful to predict long-term capacity of
N removal in wetlands for tertiary sewage treatment. The specific objectives
were: 1) to determine whether the wastewater contains sufficient C to
support complete loss of N 03-N; 2) to determine whether the presence of
sediment influences N 03-N depletion; and 3) to evaluate if water fern
removes N as effectively as duckweed.
5.2. MATERIALS AND METHODS
Water, sediment and plants were collected from the Pointe-au-Chene
Swamp located approximately 10 Km southwest of Thibodaux, LA (Fig. 5.2).
Water samples were collected from the wastewater inlet. Soil samples from
both surface (0-10 cm) and subsurface (10-20 cm) soil iayers were collected
in the swamp near the wastewater inlet. Water fern was collected within 100
m from the wastewater inlet.

Based on the results that there was no

significant difference in duckweed nutrient content along the transect during
the warm season (Chapter 4), duckweed was collected around 1200-1600
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ridges (Day et al., 1994).
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m distance away from the wastewater inlet. All the samples were stored at
4 °C until used in laboratory experiments.
This chapter consisted of two experiments. The first one was to study
the organic C sources on nitrate depletion and was conducted in November
1993. The second one was initiated in October 1994 when the replacement
of duckweed by water fern was first noticed in the field. There were two
replications for each treatment for all of the following experiments.
5.2.1. Effects of Organic C Sources on Nitrate Depletion
To study the influence of carbon source on N 03-N depletion, two
experiments were conducted to determine: 1) the effects of adding a readily
available C substrate, and 2) the effects of surface and subsurface
sediments on NOg-N depletion in the wastewater.
The wastewater concentrations were 7.58 mg/L for N 0 3-N, 1.98 mg/L
for NH4-N, and 7.1 mg/L for BODs. NOa-N depletion was studied using 1-L
graduate glass cylinders filled to a depth of 30 cm with water. A depth of 30
cm was used because it was similar to the water depth in the field. Cylinders
were incubated at 25 °C in a growth chamber without lights.

Eh and pH

were monitored daily for the first 10 days and at 4-day intervals thereafter
during the 22-day incubation. Redox potentials (Eh) were measured at the
surface (1 cm), the middle (15 cm) and the bottom (30 cm) of the water
column. The pH was monitored at the surface (1 cm). Water samples were
collected to determine the concentrations of NOa-N and NH4-N.

These
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determinations were accomplished by withdrawing 2.5 mL samples from
middle (15 cm depth) of the water column. The samples were diluted ten
times using 25 mL volumetric flasks, and stored at 4 °C until analyses.
The concentrations of NH4-N and N 03-N were determined using a
Wescan Ammonia Analyzer. Sample reaction (pH) was determined using
a portable pH meter. Redox potential (Eh) was determined by Pt electrode
coupled with a saturated calomel reference electrode and a voltage meter.
Eh values were corrected to pH 7 according to the following equation
(Sposito, 1984):
Eh7 = Eh + 59(7.0-pH)

(5.1)

5.2.1.1. Effects of Various Amounts of Mannitol on NOa-N Depletion
To determine the carbon source effect on N 03-N depletion from
wastewater, three C treatments were compared. The three treatments were
as follows: 1) wastewater alone; 2) wastewater + 100 mg/L mannitol, and 3)
wastewater + 500 mg/L mannitol. Zero C (Deionized water (Dl) + 10 mg/L
N 03-N) was used as a correction factor.
5.2.1.2. Sediments Effects on NOa-N Depletion
The influence of sediment on NOa-N depletion was determined using
the surface and subsurface sediments. Organic C content was 9.96 % in
surface sediment (0-10 cm) and 2.85 % in subsurface sediment (10-20 cm).
Total N was 0.71 % in surface sediment and 0.27 % in subsurface sediment.
The C/N ratio was 14.0 in the surface sediment and 10.5 in subsurface
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sediment. Treatments were: 1) surface soil treatment (wastewater + surface
soil); and 2) subsoil treatment (wastewater + subsoil). Surface soil blank (Dl
+ surface soil) and subsoil blank (Dl + subsoil) were used as correction
factors.
Wet soil samples (50 g of soil on oven-dry weight basis) were placed
into 1-L graduate cylinders.

Wastewater or Dl water was added to the

cylinder containing the soil samples, such that a 30 cm wastewater column
was above the soil surface.
5.2.2. Comparisons of N Uptake by Duckweed and Water Fern
An experiment was designed to determine if duckweed and water fern
can remove similar amounts of N from the water column. Inorganic N (N 03N + NH4-N) as NH4N 0 3 in the following concentrations was added to the
wastewater: Blank (wastewater alone), 10, 20, 40, 60, 80, 100, 150 and 200
mg N/L. The concentration of N in the wastewater was 14.9 mg/L as N 0 3-N
and 4.0 mg/L as NH4-N. A 100 mL aliquot of each solution was placed into
a plastic cup, duckweed or water fern was added to completely cover the
water surface in the plastic cups. The experiment was conducted in the
growth chamber over a 10-day period with day 12-hour, 26.7 °C and night
12-hour, 21.1 °C. Light intensity was maintained at 239 uMol S'1M'2 for the
12-hour photoperiod.
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5.3. RESULTS AND DISCUSSIONS
5.3.1. Effects of Added C Substrate on N 03-N Depletion
Monitoring of NH4-N and NOa-N (Fig. 5.3a) showed no significant N 0 3N depletion in the cylinders containing only wastewater. Wastewater initially
contained both N 03-N (7.6 mg/L) and organic C (BODs = 7.1 mg/L).
However, the organic C content of the wastewater was not sufficient to
induce anaerobic conditions needed to denitrify the NOa-N.
In general, Eh values above +300 mv favor mineralization, nitrification
and other 0 2-dependent processes. Denitrification, an anaerobic process,
requires a Eh value below +250 mV (Patrick et al., 1992). During the study
period, Eh values in the cylinders containing only wastewater remained
above +300 mV most of time (Fig. 5.3b).

This indicates that little

denitrification occurred. After 4 days of incubation, microbes used all the
organic C in the water. Then, mineralization started as a result of lower C/N
ratio. The lower Eh value observed at the sixth day of the incubation at 15
cm below the water surface (Fig. 5.3a) was probably a critical point where
mineralization overwhelmed the assimilation process. Increases in N 0 3-N
and decreases in NH4-N were presumably due to nitrification in the
wastewater.
Mannitol is an organic C source available to all microbes. It promotes
denitrification and microbial growth (Bremner and Shaw, 1958).

When

mannitol was added to the water columns, several different processes
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Figure 5.3. a) Concentrations of N (N 03-N and NH4-N); and b) Eh, measured
in the wastewater alone treatment during 22 days of incubation.

occurred in the water column with the incubation time as follows (Figures
5.4-5.5): (1) Total inorganic N concentrations decreased dramatically (Fig.
5.4a and 5.5a). The more organic C added, the more rapidly N 0 3-N was
depleted. Both N 03-N and NH4-N disappeared completely within 48 hours
after the addition of 500 mg/L mannitol (Fig. 5.4a). With the addition of 100
mg/L mannitol, NH4-N was completely depleted within 48 hours, but N 0 3-N
was still detectable for 3 days (Fig. 5.5a). The Eh values for both mannitol
rates were near or below +250 mV (Fig. 5.4b and 5.5b), indicating that
denitrification was occurring. As expected, the addition of 500 mg/L mannitol
induced lower Eh values than the addition of 100 mg/L mannitol. Depletion
of NOa-N was probably due to simultaneous denitrification and immobilization
of N by microbes. These findings indicate that the availability of organic C
was the limiting factor for NOa-N depletion in the wastewater. (2) Following
N 0 3-N

and

NH4-N depletion,

microbial

activities

(denitrification

and

immobilization) were limited due to the limited supply of N. In the water
column initially containing of 100 mg/L mannitol, mineralization started
immediately after the N depletion. However, mineralization did not start until
one week after the N depletion for the 500 mg/L mannitol treatment. This
suggests that it would take longer for microbes of the 500 mg/L mannitol
solution addition to increase the Eh value so that mineralization could occur.
The more organic C added, the longer the recovery time needed. (3) The
Eh values increased to above +250 mV, after 10 and 18 days, in columns
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Figure 5.4. a) Concentrations of N (NOa-N and NH4-N); and b) Eh, measured
in the wastewater with addition of 500 mg/L manniitol during 30 days of
incubation.
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Figure 5.5. a) Concentrations of N (N 03-N and NH4-N); and b) Eh, measured
in the wastewater with addition of 100 mg/L manniitol during 30 days of
incubation.

initially containing 100 and 500 mg/L mannitol, respectively. Subsequently,
nitrification started in the water column amended with 100 mg/L mannitol
after 10 days of incubation, and after 22 days for 500 mg/L rate. (4) As
nitrification continued, the concentration of N 03-N increased and NH„-N
decreased. The NOs-N concentration was stabilized at 2-3 mg/L. In order
to get an extended quantification for the 500 mg/L mannitol treatment, the
experiments were extended to 30 days. After 30 days, NOa-N (3.12 mg/L)
was significantly greater in columns containing 500 mg/L mannitol than the
100 mg/L mannitol (2.15 mg/L). Presumably, the presence of high amounts
of N-free organic substrate led to greater immobilization of N during the
period when Eh values were sufficiently low to allow denitrification. Craswell
(1978) found that if N-free C sources (e.g. glucose) were added to the soil,
N 03-N disappearance may be partly related to immobilization and not
necessarily to denitrification. The Eh data were not collected after 22 days.
However, based on the N 0 3-N concentration presented in the solution, it can
be assumed that Eh values would continue to increase for the 500 mg/L
mannitol addition and Eh values would be similar to the values measured on
day 18 or day 22 for the 100 mg/L mannitol addition.
5.3.2. Sediment Effects on N 03-N Depletion
Addition of the swamp sediments (surface and subsurface) decreased
total inorganic N (N 03-N and NH4-N) (Fig. 5.6a and 5.7a) by denitrification
and immobilization.

Inorganic N in the water columns overlying surface
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Figure 5.6. a) Concentrations of N (NOa-N and NH4-N); and b) Eh, measured
in the wastewater overlying on the surface sediment during 22 days of
incubation.
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Figure 5.7. a) Concentrations of N (NOa-N and NH4-N); and b) Eh, measured
in the wastewater overlying on the subsurface sediment during 22 days of
incubation.

sediment disappeared completely after 18 days of incubation. However, the
water column directly overlying subsurface sediment, N 0 3-N concentrations
were stable during the first 10 days and decreased to 5 to 6 mg/L after 10
days, and remained about 5 mg/L for the rest of the experiment.

Lower

organic C (2.85%) in the subsurface sediment than the surface sediment
(9.96% organic C) may be the limiting factor for less N 0 3-N depletion in the
column overlying subsurface sediment. This is attributed to the availability
of soluble C. Conner and Day (1991) found that the decomposition of leaf
organic matter produced within natural-forested swamps is very low, with
40% of the original leaf litter remaining after 46 weeks. The low organic
decomposition rate limits the supply of organic C to satisfy the microbial
need (Beauchamp et al., 1989). The rate of N 03-N loss depends on the rate
of soil organic C conversion to mineralizable organic C and to soluble C
(Focht and Verstraete, 1977).

Higher N 03-N depletion rates in the

wastewater columns overlying sediments would be expected if a higher
decomposition rate of litter fall were available.
The Eh values (Fig. 5.6b and 5.7b) in the water column (surface and
middle) was above +300 mV most of the time in both sediment treatments,
indicating

an aerobic environment

denitrification.

favorable

to nitrification

At the water and sediment interface,

but not

Eh readings were

consistently less than +250 mV for both treatments, indicating conditions
favorable to denitrification.

Lower Eh readings were found in the surface
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sediment treatment than that in the subsoil treatment.

Except for the

immobilization, where immobilization does not prevent NOs-N accumulating,
conditions favorable for nitrification in the water column and denitrification at
the surface of sediment provide ideal environments for the water column to
act as a sink for N 03-N in the wastewater. Reddy et al. (1978) found that
N 0 3-N removal from the overlying flood water was dependent on the
diffusion of N 03-N into the underlying soil where it was denitrified.
When the wastewater was overlying sediments, N 0 3-N decreased
while NH4-N was still present (Fig. 5.6a and 5.7a). This is also evidence that
N 03-N loss was due to denitrification. Jansson (1958) found that NH„-N is
markedly preferred over N 0 3-N by heterotrophic microorganisms during
immobilization.
The rate of N 03-N depletion was slower in the wastewater overlying
sediments as compared to the wastewater amended with mannitol (Fig.
5.4a-5.7a), but it was more beneficial for N removal. Due to constant low Eh
in the surface sediment, the nitrified N, as discussed earlier, was removed
by denitrification, whereas constant N 0 3-N was left for the water amended
with mannitol.
In summary, Table 5.1 shows the net total inorganic N (NH4-N and
N 0 3-N) removal percentages.

After 30 days of incubation, wastewater

overlying surface sediment had the highest inorganic N removal percentage
(93%), whereas columns containing only wastewater did not remove any
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inorganic N. There was more N removed with the addition of 100 mg/L
mannitol than when 500 mg/L was added. Wastewater overlying the surface
sediment had a higher N removal rate than the subsurface sediment.
Table 5.1. Total inorganic N (NH4-N and N 0 3-N) removal rates after 30 days
of incubation.
Treatment

Original N
(mg/L)

Final N
(mg/L)

Removal Rate
(%)

WW1
WW +100 mg/L M*
WW + 500 mg/L M
WW + surface soil
WW + subsoil

9.55
9.55
9.55
9.55
9.55

12.82
2.42
3.20
8.87
4.18

0
75
67
93
44

t Wastewater.
* Mannitol.
,5.3.3. Comparisons of N Uptake by Duckweed and Water Fern.
Duckweed was found to be a more effective N remover from the water
column than water fern (Fig. 5.8). Without additional N, duckweed removed
nearly 100% of the N from the original wastewater after 10 days of
incubation.

It removed more than 90% of the inorganic N from the water

column when N concentrations up to 60 mg/L were added.

This

concentration was much higher than the N concentration generally observed
in this swamp (less than 20 mg/L). This indicates that duckweed had the
potential to assimilate all of the inorganic N present in this swamp water.
When the N concentration was greater than 60 mg/L, the N removal rate
decreased.
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Figure 5.8. Inorganic N removal rates with increasing different amounts of
N for water fern and duckweed after 10 days of incubation. Zero N addition
was the treatment of wastewater alone.
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Water fern removed less than 60% of the N when no N was added to
the wastewater after 10 days of incubation (Fig. 5.8). When N was added
into the wastewater, the removal rate decreased as compared with the
wastewater alone.

However, the removal rates were relatively stable

compared to the removal rates of the duckweed after more than 40 mg/L N
was added to the wastewater. When 200 mg/L N were added, duckweed
still had a higher removal rate than the water fern.
When equal amounts of NH4-N and N 03-N were added to the
solutions, almost all of the NH4-N in the water column were assimilated by
both duckweed and water fern treatments within 10 days of incubation (Fig.
5.9).

Higher removal efficiency of NH4-N than N 03-N was related to

nitrification. Johengen and LaRock (1993) found that duckweed does not
have a strong preference for either N species (NH4-N or NOa-N) it
assimilates. Reddy (1983) also observed no difference in productivity and
N uptake when plants were supplied with both NH4-N and NOs-N in the
same system. It is impossible to differentiate preferential uptake of NH4-N
and N 03-N in this study, because the nitrification process was not inhibited.
The NH4-N could be oxidized to N 0 3-N.

The depletion of NH4-N was

probably due to both nitrification of the NH4-N and uptake by the duckweed
or water fern. For the water fern treatment, N 03-N concentrations increased
in the water column with increasing N after 10 days of incubation. For the
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Figure 5.9. Concentrations of N (NOa-N and NH4-N), measured in the water
column with additions of different amount of N. a) for duckweed, and b) for
water fern after 10 days of incubation.
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duckweed treatment, however, N 0 3-N was absent in all treatments with less
than 60 mg/L N addition. This indicates that duckweed took up more N than
water fern. No NH4-N was observed in any treatment until the 60 mg/L N
and subsequent treatments for both plants (Fig. 5.10).

However, NH4-N

concentration in solution remained higher in the water fern treatment than
the duckweed when N additions were more than 80 mg/L.

This, again,

indicates that duckweed was more effective in assimilating N than water
fern. The N contents of the duckweed on a dry weight basis were higher
than the water fern (Fig. 5.11).
The invasion of the water fern in the field may be a result of lower
assimilation of N by the aquatic plants.

Table 5.2 shows the percent of

inorganic N removed from the wastewater by duckweed and water fern.
However, as discussed earlier, wastewater overlying the sediment had a
high N removal rate due to denitrification.

Therefore, presumably, the

replacement of duckweed by water fern would not affect N removal from the
water column. The problem is that less N would be kept within the system
to enrich the nutrient status of the swamp because more N would be lost by
denitrification.
Because water fern is larger in biomass than duckweed, a greater
amount of detrital material would be produced by water ferm than by
duckweed when the water fern dies. Also, decomposition rates of water fern
detritus may be slower than duckweed due to their less surface area
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available to microbes as compared to duckweed. These large amounts of
detrital material will settle onto the sediment and become part of the organic
layer, which will be beneficial to vertical accretion of the sediment, energy
source for microbes and P adsorption by the sediment.
Table 5.2. Total inorganic N (NH4-N and N 0 3-N) removal rates after 10 days
of incubation.
Treatment

Beginning N
(mg/L)

Final N
(mg/L)

N Removal
(%)

WWt + duckweed
WW + water fern

18.81
18.81

0.09
8.15

99.5
57

f Wastewater
5.4. SUMMARY AND CONCLUSIONS
Nitrogen removal from the wastewater in the swamp system is the
processes of nitrification-denitrification,
uptake.

microbial assimilation and plant

All of the microbial processes require a C source.

The study

showed that despite organic C (indicated by BODs value) being discharged
into this wetland with the wastewater, it was not sufficient to support N 0 3-N
depletion via denitrification or microbial immobilization.

In fact, net

mineralization and additional release of inorganic N can be expected.
Addition of a readily-available, N-free organic substrate led to simultaneous
immobilization and denitrification.

Net loss of N 03-N after 30 days was

greater when columns were amended with 100 mg/L mannitol than with 500
mg/L mannitol.

Presumably, higher amounts of available C led to
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immobilization of a greater portion of N 03-N when microbial activity was
sufficient to deplete dissolved 0 2 and lower Eh to levels where denitrification
could occur.

Surface sediment with high organic matter plays a very

important role in N removal by furnishing energy for the microbes. It took
about 18 days to remove all of the inorganic N from the wastewater overlying
the surface sediment.
Duckweed can assimilate all of the inorganic N from the wastewater
within 10 days. Water fern was found to be less efficient for N removal from
the water column than duckweed in the growth chamber experiment without
the addition of the sediment. The invasion of water fern into the swamp
would probably not affect N removal from the wastewater, because of the
high N removal potential in the sediment. The invasion of water fern may
keep less N in the swamp system due to denitrification, but may increase
organic matter in the sediment by its large quantity of detrital material, which
would be beneficial to vertical accretion of the sediment and P adsorption.
However, further study should be planned in order to make a final
conclusion.

CHAPTER 6
SUMMARY AND CONCLUSIONS
Wetland wastewater treatment is one of the alternative technologies
for advanced wastewater treatment.

Large plant production,

higher

decomposer activity, anaerobic condition and large adsorption areas in the
sediment provide wetlands with the ability to degrade or eliminate
contaminants in wastewater. In many situations, wetland treatment, given
proper design and management, can achieve a level of treatment equal to,
or even higher than the conventional tertiary treatment results, at lower
energy and cost.

In Louisiana, along with improving water quality, the

application of wastewater to wetlands may protect coastal wetland loss from
apparent sea level rise. This is accomplished by increasing productivity
through the addition of nutrients from the wastewater, then, increasing plant
biomass, and finally stimulating vertical accretion to offset sea level rise.
Wetland treatment is very site specific.

Therefore, to establish a new

treatment system, an intensive monitoring scheme is needed to determine
the efficiency of wastewater treatment and to evaluate the impact on the
natural ecosystem.
The study area was located at Thibodaux, LA. Thibodaux discharged
secondarily treated municipal effluent directly into Terrebonne-Lafouche
Drainage Canal from wastewater treatment plant until March 1992.
water quality of this drainage canal caused some concerns.
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The

It was

168
necessary to upgrade the treatment system. To do so, in March 1992, the
city constructed a distribution system to disperse the effluent over a large
area of the Pointe-au-Chene Swamp before discharging to the canal.

A

study was initiated in March 1992 to: 1) assess wastewater remediation in
the swamp; 2) assess the chemical and biological processes that took place
in the swamp ecosystem; 3) determine the impacts of secondary effluent on
wetland sediments and plants; and 4) provide information on assimilative
capacities, nutrient cycling and nutrient accretion rates in the swamp for the
wastewater treatment decision makers.

The study was conducted by

comparing two portions of the swamp separated by a ridge. One portion
received the wastewater and the other portion served as a control.
The secondarily treated municipal wastewater was discharged into the
Pointe-au-Chene Swamp at a rate of 6.3x10® L/day over 231 ha of forested
swamp. The theoretical hydraulic detention time of the wastewater in this
treated area was about 120 days. When wastewater passed through the
swamp system, the concentrations were reduced 100% of N 0 3-N, 69% of
TKN,

and 66% of total P as compared to the input wastewater

concentrations.

At a distance of 1600 m away from the wastewater inlet,

mean concentrations were 0.9 mg/L for total N and 0.9 mg/L for total P;
whereas the advanced wastewater treatment (AWT) standards in the tertiary
effluent are 3 mg/L for total N and 1 mg/L for total P. Therefore, tertiary
treatment was achieved. The concentrations of BOD5, NQ3-N, TKN, B, Cu
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and Zn at the 1600 m distance from the inlet were similar to the control
levels. It is suggested that the swamp system would work well even if the
N loading rate were doubled.

However, the removal efficiency of P was

dependent on the input concentration and temperature. The swamp system
was more efficient for wastewater treatment in the warm seasons than in the
cool seasons. Soluble ions such as Ca, Mg, Na, Cl and S 04-S were diluted
by the swamp water, but the concentrations were significantly higher than
the control levels. Therefore, continuing monitorings are needed for these
parameters.

Due to low N/P ratio caused by high N-removal rate, the

swamp system was thus a N limited system. Trace metals were not the
problem in this study because of very low input.
The impact of the hurricane on water quality in the control swamp was
an increased BODs and K.

However, the swamp receiving wastewater

effluent was a very effective biological buffer for protecting water quality
against the degree added to the water due to the focus of the hurricane.
Seasonal accumulations of total soil N, organic matter, P and water
soluble salts occurred in the swamp sediment with the highest levels
recorded occurring in winter. It is suggested that the sediment act as a more
effective sink for wastewater nutrients during the winter season. However,
when comparing the June 1992 and June 1994 data, I concluded that no
accumulations of total soil N, organic matter, Ca, Mg, S, K and Cl were
observed in the sediment after two years of the wastewater application.

However, soil P, pH (in KCI and CaCI2) and Na were increased.

The

increases mainly occurred in the surface (0-2 cm) and near the wastewater
inlet (25 m). Most of the P in the swamp sediment was in association with
organic matter. Wastewater P was mainly stored as organic P and Ca-P in
the sediment. With the continued supply of Ca from the wastewater, the
inorganic P bonding capacity would be enhanced. Nutrient (Ca, Mg, S and
K) loss was observed in the control swamp sediment with time. However,
the treated swamp buffered the swamp sediment from continued nutrient
loss through addition of nutrients from the wastewater.

The high

sedimentation rate in the treated site enabled more nutrients to be stored in
the sediment than the control.

These nutrients would be either used by

plants and microbes or buried within the sediments through sedimentationsubsidence.

Based on the two years of the monitoring data, the swamp

sediment should assimilate P for a long time.

Further study on the P

capacity in this swamp sediment should be conducted in order to estimate
how long the swamp can assimilate P.
The application of the wastewater into the swamp stimulated
duckweed growth. Duckweed assimilated large quantities of nutrients from
the wastewater. The uptake rate was dependent on effluent load and the
competition with other processes such as rooted plant uptake and
denitrification.

Duckweed had a relatively higher response to N from the

water in the cool season than the warm season.

Magnesium was not
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accumulated by the duckweed even though high quantity of Mg was in the
water column. Duckweed had a tendency to be a metal scavenger when
metals were present in the water column.
Nitrogen was not removed from the wastewater alone. Apparently,
wastewater did not contain sufficient C to support microbial activity to
remove N 0 3-N present. Nitrogen was removed after addition of organic C.
However, high soluble organic C added to the wastewater did not
necessarily enhance the N removal. High soluble organic C also increased
microbial assimilation rate, and kept more N in the system.

Surface

sediment with high organic matter played a very important role in N removal
by furnishing energy for the microbes. It took about 18 days to remove all
of the inorganic N from the wastewater overlying the surface sediment when
plants were not present in the water column.

This indicates that

denitrification was a very important process involving N removal.
Duckweed also removed N. When sediment was not present in the
water column, duckweed assimilated all of the inorganic N from the
wastewater within 10 days of incubation. The duckweed had gradually been
i

replaced by water fern.

A simple experiment conducted in the growth

chamber showed that water fern was a less efficient N remover than
duckweed. However, this invasion in the field would probably not affect N
removal from the wastewater, because of the high N removal potential in the
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sediment. Additional study is needed to discover the function of water fern
in this swamp in order to make a final conclusion.
The results of this study provide evidence that the swamp acted as an
effective nutrient sink. Tertiary wastewater treatment was achieved after the
introduction of the secondarily treated municipal wastewater to the Pointeau-Chene Swamp. Denitrification, plant uptake, soil adsorption and microbial
assimilation were all important in the wastewater remediation in this swamp.
Wastewater application protected the swamp from being lost by increasing
vertical accretion rate, buffering nutrient loses from the sediment, and
protecting swamp water quality against major storms such as hurricane.
Better wastewater treatment results and less ecological impacts could
be achieved by: (1) alternating "control" and "treated" swamps as treatment
media so that the swamp can be recovered quickly and have longer
treatment life; (2) vegetating swamp forests so that more nutrients will be
taken up and higher sedimentation rate will be achieved.
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